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Although it is beyond doubt that mammary cells ac-
cumulate iodide via a Na*-dependent transport mech-
anism, it is not clear if this is the only pathway for
iodide transport in mammary tissue. In view of this,
experiments were designed to test for the presence of
an anion-exchange pathway which could mediate the
transport of iodide into mammary cells; thus, the ef-
fect of external iodide on sulfate efflux from rat mam-
mary tissue has been investigated. lodide trans-
stimulated sulfate efflux from mammary tissue
explants in a dose-dependent manner: 0.1, 1.0 and 10.0
mM iodide stimulated the fractional release of iodide
by 56 * 2.2, 166.5 = 17.5, and 302.9 = 29.8%, respec-
tively. The stimulation of sulfate efflux by external
iodide was completely inhibited by DIDS (4.4'-
diisothiocyanatostilbene 2,2’-disulfonic acid). Per-
chlorate (1 mM) also trans-stimulated sulfate efflux in
a manner that was inhibited by DIDS. Furthermore,
iodide trans-accelerated sulfate efflux from rat mam-
mary acini via a DIDS-sensitive mechanism. The re-
sults are consistent with the presence of a DIDS-
sensitive anion-exchange mechanism which can
accept iodide as a substrate. It appears that the iodide-
sulfate exchange mechanism is independent from the
sodium-dependent iodide transporter given that sul-
fate is not a substrate of the latter system. The iodide-
sulfate exchanger may operate in parallel with the
sodium-dependent iodide transporter to mediate io-
dide uptake into mammary cells. © 2001 Academic Press
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lodide is concentrated in both milk and mammary
tissue with respect to plasma (1, 2). The transport of
iodide by the mammary gland was investigated rela-
tively early because of the possible contamination of
milk supplies by radioactive iodide (3). The importance
of thoroughly understanding iodide transport by the
mammary gland was highlighted by the many cases of
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human thyroid cancer that followed the Chernobyl nu-
clear accident (4, 5): radioactive iodide entering the
food chain via milk and dairy products could have been
a major contributing factor. The study of mammary
gland iodide transport has been given new impetus by
the recent finding that a mammary gland iodide trans-
porter expressed in lactating mammary cells (but not
in non-lactating breast tissue) is also present in breast
cancer. It has been suggested that radioactive iodide
uptake could be used to diagnose and treat breast
cancer (6).

lodide can enter mammary cells via a Na"-depen-
dent process which can be inhibited by anions such as
perchlorate and thiocyanate (e.g., see 7, 8). In addition,
the mammary tissue Na“/l~ cotransporter appears to
be regulated by prolactin (8—10). It appears, therefore,
that the properties of iodide transport by the mam-
mary gland are similar to those of the thyroid
gland with respect to ion dependency and inhibition by
anions. In this connection, mRNA encoding a Na'-
dependent transporter (NIS) similar to that found in
the thyroid gland (11) has been identified in the mam-
mary gland (12).

Although it is beyond doubt that the Na'-dependent
iodide transport system is central to iodide accumulation
is not clear if this is the only pathway for iodide transport
in mammary tissue. In this connection there are several
lines of evidence to suggest that there may be more than
one pathway for iodide uptake by the mammary gland.
First, it appears that cultured mouse mammary tissue is
able to concentrate radiolabeled iodide in the absence of
extracellular sodium (8). Second, the mammary gland of
pregnant rats can concentrate iodide in vivo even though
the sodium-dependent iodide transport protein could not
be detected in mammary tissue isolated from pregnant
rats (13). Third, there is preliminary evidence that iodide
is able to trans-stimulate sulfate efflux from rat mam-
mary tissue (14).

Given the importance of iodide uptake by the mam-
mary gland it is imperative that all the pathways for
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iodide transport in mammary tissue are elucidated. In
view of this we have studied the interaction between
iodide and sulfate transport in lactating rat mammary
tissue as a means of examining the possibility that
iodide uptake into mammary cells can be mediated via
an anion-exchange mechanism.

MATERIALS AND METHODS

Animals and preparation of tissue. Lactating Wistar rats 10—-15
days postpartum and suckling 8—10 pups were used in this study.
The animals were maintained on a 12 h light:12 h dark cycle and
allowed free access to water and chow. Animals were killed by
cervical dislocation. Mammary explants (each 4—8 mg wet weight)
were prepared as described by Shennan et al. (15). Mammary acini
were prepared as follows. 5 g of mammary tissue was suspended in
10 ml of a buffer containing (mM) 135 NaCl, 5 KCI, 2 CaCl,, 1
MgSO,, 10 glucose and 20 Tris—Mops, pH 7.4, and finely chopped.
The tissue was then strained and added to 30 ml of a buffer similar
in composition to that just described except that it also contained
1.5 g Ficoll 400, 600 mg bovine serum albumin and 30 mg of colla-
genase. The tissue was incubated at 37°C for 40 min in a shaking
water bath. Following this the digest was strained and the eluent
centrifuged at 5509 for approximately 15 s. The pellet was washed
(x3) by centrifugation and resuspension.

The efflux of sulfate, using *S0Z™ as tracer (Amersham plc UK),
was measured according to the method of Shennan et al. (15). Mam-
mary tissue explants were loaded with radiolabeled sulfate by a 1 h
incubation at 20°C in a medium containing (mM) 145 Na gluconate,
10 glucose and 10 Tris—Mops, pH 7.4, plus 10 uCi/ml *SO; . After
the loading period, the tissue explants were passed through a series
of tubes containing 2 ml of non-radioactive solutions (see figure
legends for precise details of composition) maintained at 20°C at 2
min intervals. At the end of the wash-out period the explants were
placed in 4 ml of distilled water for at least 16 h in order to leach out
the isotope remaining in the tissue. The fractional efflux was calcu-
lated for each collection period by calculating the ratio of the radio-
activity lost from the tissue to the amount of radioactivity associated
with the tissue at the start of each collection period. The concentra-
tion of iodide in the buffers was routinely checked using an iodide-
sensitive electrode (Russel pH Limited Model 94-4530) in conjunc-
tion with a Jenway 3340 ion meter.

Measurement of SOZ  from mammary acini. Mammary acini,
prepared as described above were suspended in a solution containing
(mM) 145 Na gluconate, 10 glucose and 10 Tris—Mops, pH 7.4 plus 10
wuCi/ml of ¥S0OZ" for approximately 25 min at 20°C. Following the
loading period the acini were washed (X3) in rapid succession by
centrifugation and resuspension with a buffer containing (mM) 145
Na gluconate 10 glucose and 10 Tris—Mops, pH 7.4, to remove extra-
cellular radiolabeled sulfate. After the final wash the acini were
suspended in 1 ml of buffer (see figure legends for details of the
composition). After 3 min, the acini were centrifuged for 5 s. The
supernatant was removed (and prepared for counting) and the pellet
was resuspended in 1 ml of incubation buffer. This process was
repeated throughout the time course at 3 min intervals. The amount
of radioactivity associated with the acini at the end of the efflux
period was determined by adding 1 ml of distilled water to the pellet.
After 2 h the suspension was centrifuged and 0.5 ml of the superna-
tant was prepared for counting. The fractional efflux of radiolabeled
sulfate was calculated for each period as described above for sulfate
efflux from mammary tissue explants.

Statistical analysis. Differences were assessed by Student's
paired or unpaired t-test as appropriate and were considered signif-
icant when P < 0.05.
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RESULTS

The Effect of lodide on Sulfate Efflux from Rat
Mammary Tissue Explants

The first step in the investigation was to test the
effect of external iodide on the fractional release of
radiolabeled sulfate from mammary tissue explants.
Sulfate efflux was initially measured into a buffer con-
taining gluconate as the principal anion. Gluconate
was chosen as it is a relatively impermeant monova-
lent anion. Preliminary experiments revealed that sul-
fate efflux from rat mammary explants could be de-
scribed by at least two components (results not shown).
The fast component, which was extracellular in origin,
was minimal by 30 min. Therefore, sulfate efflux was
measured from explants incubated in a gluconate
buffer (iodide-free) for 40 min before the tissue was
transferred into a buffer containing iodide. It is evident
from Fig. la that external iodide trans-stimulated sul-
fate efflux in a dose-dependent manner. lodide at 0.1,
1.0 and 10 mM respectively increased the fractional
efflux (basal-to-peak) by 0.0065 + 0.0006 min~* (*SE,
n =3, P <0.01), 0.0185 * 0.0021 min~* (+SE, n =
9, P < 0.001) and 0.0344 + 0.0031 min~* (+SE, n = 6,
P < 0.001). Thus, iodide at 0.1, 1.0 and 10 mM stim-
ulated sulfate efflux (basal-to-peak) by 56%, 166.5%
and 302.9% respectively. lodide at a concentration of
50 mM in the incubation buffer increased the fractional
release from 0.0116 + 0.0009 min " to 0.0472 + 0.0048
(£SE, n = 4, P < 0.01) (results not shown), therefore,
it appears that the effect of iodide is maximal at a
concentration of 10 mM. Figure 1 also shows the effect
of 10 mM iodide on sulfate efflux in the presence of 1
mM DIDS. It is clear that DIDS completely inhibited
the portion of sulfate efflux stimulated by external
iodide. Furthermore, DIDS also inhibited sulfate efflux
from mammary explants suspended in a gluconate
buffer, thus, the fractional efflux was reduced (P <
0.001) from 0.0114 += 0.0003 min™* (=SE, n = 6) to
0.0025 * 0.0005 min~"* (+SE, n = 4).

Shown for comparison in Fig. 1b is the effect of
external sulfate on sulfate efflux from rat mammary
tissue explants. It is clear that sulfate trans-stimulated
the efflux of sulfate in a dose dependent manner. Sul-
fate at a concentration of 0.1 and 10 mM respectively
increased the fractional release (basal-to-peak) by
0.0139 + 0.0008 min™* (+SE, n = 5, P < 0.001) and
0.0283 + 0.0032 min™* (*SE, n = 5, P < 0.001).

The Effect of lodide on Sulfate Efflux from Rat
Mammary Acini

The effect of external iodide (10 mM) in the absence
and presence of DIDS (1 mM) on sulfate efflux from
mammary acini is shown in Fig. 2. As with the exper-
iments using explants, sulfate efflux was initially mea-
sured into a buffer containing gluconate followed by
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FIG. 1. (a) The effect of external iodide on sulfate efflux from rat

mammary tissue explants. Sulfate efflux was first measured into a
buffer containing (mM) 145 Na gluconate, 10 glucose, and 10 Tris—
Mops, pH 7.4. At t = 40 (indicated by the bar) the tissue was
incubated in a buffer containing (mM) 135-144.9 Na gluconate, 10
glucose and 10 Tris—Mops, pH, 7.4, plus 0.1 (m) (n = 3), 1.0 (@) (n
= 9), or 10.0 (A) (n = 6) Nal. The points denoted (V) represent
sulfate efflux in the absence and presence of 10 mM Nal in the
presence of 1 mM DIDS (n = 4). Each point represents the mean *
SE using tissue from separate animals for each experiment. Efflux
was measured at 20°C. (b) The effect of external sulfate on sulfate
efflux from rat mammary tissue explants. Sulfate efflux was initially
measured into a buffer containing (mM) 145 Na gluconate, 10 glu-
cose, and 10 Tris—Mops, pH 7.4. At t = 40 min (indicated by the bar)
the tissue was incubated in a buffer containing (mM) 130-144.8 Na
gluconate, 10 glucose, and 10 Tris—Mops, pH 7.4, plus 0.1 Na,SO, (m)
or 10 Na,SO, (A). Each point is the mean *= SE of 5 experiments
using tissue from separate animals. Efflux was measured at 20°C.

one supplemented with iodide. It is evident from Fig. 2
that external iodide increased the fractional efflux of
sulfate (basal-to-peak) from 0.034 + 0.003 min " to
0.103 = 0.002 (=SE, n = 3, P < 0.001) an increase of
202%. DIDS completely inhibited the moiety of sulfate
efflux induced by iodide. In addition, DIDS inhibited
sulfate efflux (P < 0.01) from mammary acini incu-
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bated in a buffer containing gluconate but no iodide:
the fractional efflux at t = 18 min was reduced from
0.034 + 0.003 min~* to 0.015 + 0.0013 min~* (*+SE,
n = 3).

The Effect of Perchlorate (CIO,) on Sulfate Efflux
from Mammary Tissue Explants

Figure 3 illustrates the effect of perchlorate (1 mM)
in the absence and presence of DIDS (1mM) from lac-
tating rat mammary tissue explants. It is clear that
perchlorate trans-stimulated sulfate efflux: the frac-
tional efflux was increased (basal-to-peak) from
0.0101 * 0.0008 min* to 0.0208 *+ 0.0020 min " (+SE,
n = 4, P < 0.01). The inclusion of DIDS in the
incubation medium inhibited the moiety of sulfate ef-
flux stimulated by perchlorate. Furthermore, in accor-
dance with the results shown in Fig. 1a DIDS also
inhibited sulfate efflux from tissue incubated in a glu-
conate buffer.

DISCUSSION

The results show that sulfate efflux from mammary
tissue explants and acini isolated from rats during
peak lactation was trans-stimulated by iodide in a
dose-dependent fashion. Even though the transport of
iodide was not measured directly the finding that ex-
ternal iodide stimulated sulfate efflux is evidence that
iodide was indeed transported into mammary cells.
The possibility that iodide-dependent sulfate efflux is
via the Na*/l~ cotransporter can be ruled out on the
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FIG. 2. The effect of iodide in the absence (m) and presence (®) of
DIDS (1 mM) on sulfate efflux from rat mammary acini. Sulfate
efflux was first measured into a buffer containing (mM) 145 Na
gluconate, 10 glucose, and 10 Tris—Mops, pH 7.4. Att = 18 (denoted
by the bar) the acini were suspended in a buffer containing (mM) 135
Na gluconate, 10 Nal, 10 glucose, and 10 Tris—Mops, pH 7.4. Each
point is the mean = SE of 3 experiments using acini prepared from
separate animals for each experiment. Efflux was measured at 20°C.
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FIG. 3. The effect of perchlorate (1 mM) on sulfate efflux from rat
mammary tissue explants in the absence (m) and presence (®) of
DIDS (1 mM). Sulfate efflux was first measured into a buffer con-
taining (mM) 145 Na gluconate, 10 glucose, and 10 Tris—Mops, pH
7.4. Att = 40 min (indicated by bar) the tissue was transferred into
a buffer containing (mM) 1 NaClO,, 144 Na gluconate, 10 glucose
and 10 Tris—Mops, pH 7.4. Each point is the mean = SE for 4 and 3
experiments respectively in the absence and presence of DIDS. Ef-
flux was measured at 20°C.

basis that the Na'-dependent system does not accept
sulfate as a substrate (16).

The present findings are consistent with the notion
that mammary tissue expresses an anion-exchange
mechanism which accepts iodide as a substrate. This
suggestion is strengthened by the observation that
iodide-dependent sulfate efflux was inhibited by DIDS:
this stilbene derivative is a known inhibitor of anion
exchange processes (17). The anions which can utilize
the exchanger are not limited to sulfate and iodide: it
has previously been reported that sulfate efflux from
rat mammary tissue explants can be trans-stimulated
by chloride in a manner sensitive to DIDS (14). In
addition, the present findings also suggest that per-
chlorate, commonly used as an inhibitor of the Na™/I~
cotransporter, is a substrate of the anion-exchange sys-
tem. lodide-sensitive sulfate efflux could be detected
using mammary acini suggesting that the transporter
resides in mammary secretory cells. Moreover, the
presence of iodide-sensitive sulfate efflux in mammary
explants suggests that the transport system may be
located on the basolateral pole of the mammary epithe-
lium.

Rillema and Rowady (8) found that mouse mammary
tissue is able to concentrate iodide with respect to the
incubation medium in the absence of external Na'.
Thus, in the presence and absence of Na" (choline
replacement) the intracellular/extracellular distribu-
tion ratio of I~ was respectively 11.5 and 5.08. The
possibility exists that iodide could be concentrated in
exchange for other anions. However, it must be borne
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in mind that other systems yet to be identified may also
be responsible for concentrating iodide within mam-
mary cells in the absence of extracellular Na".

The exact contribution of iodide uptake via the
sulfate/iodide exchange system to total iodide uptake
by the gland remains to be determined. Nevertheless,
the results of the present study suggest that iodide
uptake into mammary cells does not solely rely on
Na‘—1~ cotransport. In view of this, the existence of
more than one pathway for iodide uptake into mam-
mary cells must be taken into account if strategies are
to be devised to treat breast cancer with radiolabeled
iodide.

Finally, it is notable that sulfate efflux from mam-
mary explants and acini was also inhibited by DIDS
when the incubation medium contained gluconate but
no iodide. There are several explanations for this.
First, gluconate, although believed to be impermeable,
may be able to exchange for sulfate in mammary tis-
sue. There is evidence to suggest that gluconate may
exchange with Cl~ via the murine AE2 expressed in
Xenopus oocytes (18). Second, as the buffers were only
nominally free of bicarbonate, there is the possibility
that there was sufficient bicarbonate present to trans-
stimulate sulfate efflux. Third, the DIDS-sensitive ef-
flux of sulfate into a gluconate medium could represent
SO /OH™ exchange (19).
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