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Figure 4. Fluorescence records of an S2 proximal tubule segment during brief sequential exposures to uptake media containing 1 uM OTA
(A), 1 puM OTA + S mM p-aminohippurate (PAH) (B), and 1 uM OTA (C), illustrating the cis-inhibition by PAH on the uptake of OTA and
the complete recovery of OTA uptake after exposure of the tubule to 5 mM PAH. Dotted lines show the linear regressions of fluorescence versus
time, which were used to calculate the initial rates of uptake. OTA was allowed to efflux from the segment between uptake measurements by

exposing the segment to superfusion buffer (no OTA) for 10 min.

have a high affinity for the OA/DC exchanger in rabbit prox-
imal tubules (23). Piroxicam was chosen because it is an
organic anion and prevents renal toxicity resulting from expo-
sure to OTA (8). Octanoate or piroxicam at 1 mM in the uptake
medium completely, but reversibly, inhibited the uptake of 1
uM OTA (octanoate: 101 * 2%, n = 3; piroxicam: 103 * 3%,
n = 3). The endogenous dicarboxylate substrate for OA/DC
exchange is aKG, and 1.5 mM aKG in the uptake medium
inhibited the uptake of 1 uM OTA by 79 = 1.5% (n = 3).
Tetraethylammonium (TEA), an organic cation, was tested as
a negative control; 1.5 mM TEA in the uptake medium reduced
uptake of 1 uM OTA by only 6.6 = 0.4% (n = 3). These
results, showing cis-inhibition of OTA uptake by organic an-
ions, support the conclusion that uptake of OTA into S2
segments of the proximal tubule is mediated by and limited to
the OA/DC exchanger.

Trans-Stimulation of OTA Transport by PAH and aKG

If OTA is transported by the OA/DC exchanger, then oppo-
sitely oriented (frans-membrane) gradients of PAH and aKG
should stimulate OTA flux. Figure 7 shows the effect of
extracellular PAH on the efflux of OTA from an S2 proximal
tubule segment preloaded with OTA. In normal superfusion
buffer (no PAH), efflux of OTA was first-order with a rate
constant of 3.34 X 1073 - s™!. When the superfusion buffer
contained 2.5 mM PAH, the rate constant for OTA efflux
increased to 12.2 X 1073 - 57!, a 3.7-fold increase, and efflux

was first-order for more than 200 s (representing a loss of 90%
of the accumulated OTA). In a separate experiment with an S2
segment from a different animal and using the same protocol,
the first-order rate constant for OTA efflux increased 2.6-fold.
These results, showing that PAH entry trans-stimulated the
efflux of OTA in proximal tubules, suggest that PAH and OTA
interact via a common carrier.

It is worth noting that OTA efflux in the presence of 2.5 mM
PAH clearly deviated from linearity after approximately 200 s
of exposure (Figure 7), in contrast to efflux in the control
condition. This deviation was expected and can be explained
mechanistically. Exposure of the tubule to buffer containing
millimolar concentrations of PAH for several minutes should
substantially increase the intracellular PAH concentration. Pro-
vided PAH and OTA share a common transporter for efflux,
competition between intracellular PAH and OTA for binding at
the cytoplasmic face of the OA/DC exchanger should increase
as PAH accumulates. Because OTA efflux did in fact decrease
with time in the presence of PAH, this data lends further
support to the argument that these two substrates share a
common transporter.

Increases in the outwardly directed aKG gradient should
increase OTA uptake into renal proximal tubules (37). In three
S2 proximal tubule segments, 100 uM aKG in the trans
configuration stimulated the initial rate of uptake of 1 uM
OTA by 71 * 11%. This trans-stimulation of transport is
similar to the 62 to 76% increase in uptake of PAH (22) and FL
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Figure 5. Uptake of OTA into intact proximal tubules of the rabbit as
a function of the concentration of PAH in the uptake medium. For
each concentration of PAH, two to three measurements of the initial
rate of uptake were made using uptake medium containing 1 uM OTA
(control condition), and then two to three measurements of uptake
were made using uptake medium containing 1 uM OTA + PAH
(experimental condition). The data presented are from four kinetic
experiments using a single S2 segment for each experiment. Concen-
trations of PAH used were 0, 100 uM, 200 uM, 400 uM, 800 uM, 1.6
mM, and 5 mM.

(23) observed in similar experiments, lending support to the
idea that OTA uptake into S2 segments is effectively limited to
OA/DC exchange.

Inhibition of OTA Uptake by PAH: Axial Homogeneity
As mentioned earlier, we reported that the cis-inhibition of
OTA uptake into tubule suspensions produced by PAH is not
as complete as the cis-inhibition produced by probenecid,
suggesting that OTA transport could involve one or more
pathways accessed by probenecid but not PAH (28). In the
light of the present results showing that the transport of OTA
into single S2 segments is limited to an interaction with a
single transporter, i.e., the PAH-inhibitable OA/DC exchanger,
we tested the hypothesis that OTA transport in other segments
of proximal tubule (particularly the S1 segment, which will
constitute a major fraction of those in the tubule suspension
that is derived from outer cortical tissue; reference 38) might
involve a second transport process. Uptake was first measured
in these segments using buffer containing 1 uM OTA, and then
uptake was measured in buffer containing OTA and 5 mM
PAH. The cis-inhibition of OTA uptake into S1 and S3 seg-
ments by PAH was virtually complete (approximately 95%)
and essentially identical to the degree of inhibition measured in
S2 segments. Probenecid, when present in the uptake medium
at a concentration of 1 mM, also completely inhibited the
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Figure 6. cis-inhibition by organic anions and an organic cation on the
uptake of OTA into intact S2 segments of the proximal tubule. For
each substrate, two to three measurements of the initial rate of OTA
uptake into a single S2 segment were made using uptake medium
containing 1 uM OTA (control), and then two to three measurements
of uptake were made using uptake medium containing 1 uM OTA +
test substrate. Each bar represents the mean of the percent inhibi-
tion = SEM, calculated from three to five experiments using a single
S2 segment per experiment. TEA, tetraethylammonium; aKG, a-ke-
toglutarate. Concentrations of the test substrates are given in paren-
theses. Asterisks indicate significant differences, *P < 0.05, between
uptake rates measured under the experimental condition and uptake
rates measured under the control condition as determined by a two-
sample ¢ test.

uptake of 1 uM OTA by 100% in S1 and S2 proximal tubule
segments. These results suggest that, as in S2 segments, peri-
tubular transport of OTA into S1 and S3 segments is effec-
tively limited to the OA/DC exchanger.

Inhibition by PAH of Organic Anion Uptake into
Collagenase-Treated Proximal Tubule Suspensions

The tubule segments used in the present study were dis-
sected without the use of enzymes, whereas the proximal
tubule suspension used in our earlier study was exposed to
collagenase (28). Consequently, we tested whether exposure to
collagenase influenced the qualitative profile of OTA trans-
port. Figure 8 compares the influence of collagenase exposure
on the cis-inhibition of OTA uptake produced by PAH and
probenecid in single tubules and tubules in suspension. In
single tubules, the uptake of 1 uM OTA into collagenase-
treated tubules was essentially completely blocked by 5 mM
PAH, the same degree of inhibition measured using tubules
that were not exposed to collagenase. In proximal tubule sus-
pensions, 2.5 mM PAH blocked the uptake of OTA by only
50%, regardless of whether the tubules were treated with
collagenase. Thus, treatment of tubules with collagenase did
not influence the degree that PAH inhibited OTA uptake.
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Figure 7. trans-stimulation of OTA efflux from a single S2 segment
of a rabbit proximal tubule. The tubule segment was first exposed for
several minutes to uptake medium containing 1 uM OTA in order to
load the tubule segment with OTA. Tubule fluorescence was then
measured as a function of time, initiating efflux of OTA by superfus-
ing the tubule with FL-free superfusion buffer (labeled Control Ef-
flux). The tubule segment was reexposed for several minutes to uptake
medium containing 1 uM OTA, and fluorescence was measured
again, initiating efflux of OTA by superfusing the tubule with super-
fusion buffer containing 2.5 mM PAH (labeled Efflux w/2.5 mM
PAH). The boxed area of this second efflux record represents 90% of
the OTA efflux and was used to calculate the first-order rate constant
of the trans-stimulated condition.

Discussion

The results in this study showed that peritubular uptake of
OTA into single intact proximal tubules is effectively limited
to the organic anion transporter, i.e., the OA/DC exchanger.
Our results also suggest the organic anion transport system is
an important route for the entry of this toxin into renal cells.

Several lines of evidence in this study indicate that the
basolateral uptake of OTA into single proximal tubules is
limited to the OA/DC exchanger. First, PAH, the prototype
substrate for the OA/DC exchanger, at a saturating concentra-
tion virtually eliminated OTA uptake into all segments of
proximal tubule (Figures 4 and 6), suggesting that OTA uptake
is functionally limited to pathways accessible to PAH. Second,
the similarity between the K; for the cis-inhibition of OTA
transport by PAH observed here (164 uM) and the K, values
reported for the transport of PAH into S2 segments (100 to 200
1M range; references 23, 35, and 36) suggests that OTA and
PAH share a common transport pathway—the OA/DC ex-
changer. Third, other organic anions known to interact with the
OA/DC exchanger were able to completely cis-inhibit OTA
uptake, whereas the organic cation TEA had little effect on
OTA uptake (Figure 6). Fourth, aKG, a known dicarboxylate
substrate for the OA/DC exchanger in rabbit proximal tubules
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Figure 8. cis-inhibition by organic anions on the uptake of OTA into
single proximal tubules or proximal tubules in suspension that were
either treated with collagenase (+collagenase) or not exposed to
collagenase (—collagenase). For single segments, two to three mea-
surements of the initial rate of OTA uptake were made using uptake
medium containing 1 uM OTA (control), and then two to three
measurements of uptake were made using uptake medium containing
1 uM OTA and either S mM PAH or 1 mM probenecid. Each bar
represents the mean of the percent inhibition = SEM calculated from
five to eight S1 or S2 segments. For proximal tubule suspensions,
triplicate measurements of the initial rate of OTA uptake were made
using uptake medium containing 5 uM OTA (control), and then
triplicate measurements of uptake were made using uptake media
containing 5 mM OTA and either 2.5 mM PAH or 2 mM probenecid.
Uptakes were determined from 2-min incubations. Values are
means = SEM from three separate experiments. Asterisks indicate
that the cis-inhibition was significant, *P < 0.05, as determined by a
two-sample 7 test, comparing experimental with control initial rates of
OTA uptake.

(22,33), trans-stimulated OTA uptake by 71%, whereas PAH,
an organic anion substrate for the OA/DC exchanger (15,16),
trans-stimulated OTA efflux (Figure 7). Taken together, these
data indicate that peritubular OTA transport in single rabbit
proximal tubules is effectively limited to the OA/DC exchange
pathway.

The OA/DC exchanger has a comparatively high affinity for
OTA. The K|, for the uptake of OTA into S2 segments mea-
sured in this study was 2.2 uM (Figure 2), which also agrees
well with the K, of 1.4 uM reported for basolateral uptake of
OTA into rabbit tubule suspensions (28). These affinity con-
stants from experiments using single tubules and tubule sus-
pensions are approximately 10-fold lower than those reported
for basolateral membrane vesicles (32 uM; reference 26) and
OK renal cells (27 uM; reference 27). The value of the affinity
constant is important because of the influence this parameter
can have on conclusions concerning the significance of baso-
lateral transport as an important route for the entry of OTA into
renal cells. Gekle and colleagues (27), for example, suggested
that peritubular entry of OTA may be less important than
luminal entry because of the comparatively higher K, for
basolateral uptake into cultured OK cells. The affinity of the
peritubular OA/DC exchanger for OTA is among the highest
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reported (39), suggesting that peritubular transport should not
be discounted as an avenue for entry of this toxicant into
proximal cells. In this regard, it is instructive to compare rates
of OTA, FL, and PAH transport. Comparison of the kinetics of
FL uptake (32) and PAH uptake (35) into intact rabbit S2
segments indicates that from 1 uM concentrations, transport of
these two substrates is approximately equal. As shown in
Figure 3, uptake of 1 uM OTA exceeded uptake of 1 uM FL
by 2.2-fold. In other words, from the low micromolar and
submicromolar concentrations representative of renal expo-
sures to xenobiotic agents, the peritubular uptake of OTA is
probably as substantial as that occurring for any other organic
anion.

Other studies have concluded that OTA uptake across the
basolateral membrane into proximal cells (OK cells, reference
27; dog, reference 26) is limited to the OA/DC exchanger.
However, we recently showed that in a suspension of rabbit
proximal tubules, a saturating concentration of PAH blocks
only about 50% of the carrier-mediated accumulation of OTA
(28), suggesting that OTA uptake involves at least one other
pathway, which we could not identify, in addition to the
peritubular OA/DC exchanger.

The different results obtained in proximal tubule suspen-
sions and other experimental systems (cultured cells, reference
27, basolateral membrane vesicles, reference 26; intact single
tubules, this study) with regard to the ability of PAH to block
OTA uptake are unresolved at present. Two possible ideas to
explain this discrepancy were examined in detail; however,
neither hypothesis was supported. First, we tested whether
PAH-insensitive uptake was occurring in proximal tubule seg-
ments other than S2 segments, and found that PAH was uni-
formly able to completely block uptake of OTA into all tubule
segments. Thus, axial heterogeneity of OTA transport path-
ways does not appear likely. Second, we tested whether expo-
sure of tubules to digestive enzymes could increase access of
OTA to one or more transport pathways. However, the inhib-
itory profiles in the two preparations proved to be independent
of enzyme treatment: Whereas OTA uptake into a suspension
of proximal tubules that was prepared without exposure to
enzymes continued to show a PAH-insensitive component,
OTA transport into single proximal tubules from collagenase-
treated proximal tubule suspensions was completely blocked
by S mM PAH (Figure 8). Thus, differences in the preparative
“histories” of single tubules and tubule suspensions seem un-
likely as a basis for the differences in inhibitory profiles for
OTA transport. Despite the results obtained using suspensions
of proximal tubules suggesting a PAH-insensitive pathway for
basolateral uptake of OTA, results from the present study using
intact single tubules combined with results of OTA uptake in
previous studies using cultured cells or BLMV provide clear
evidence that OTA is handled exclusively by the OA/DC
exchanger.

In summary, peritubular uptake of OTA into single proximal
S2 tubule segments was limited to an interaction with the
OA/DC exchanger. Similarly, OTA uptake into isolated S1 and
S3 segments occurred by OA/DC exchange, and there was no
evidence for the presence of alternative transport pathways for
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OTA uptake in these segments. The OA/DC exchanger dis-
played a high affinity for OTA, and the comparatively large
rate of transport indicates that peritubular entry of OTA should
be considered in the development of models for the renal
accumulation and excretion of this toxicant.
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