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Z

inc is an essential micronutrient involved in structural and
regulatory cellular functions. Zinc interacts with zinc-finger
domains and acts as a cofactor of numerous enzymes (1, 2). Zinc
ions also specifically bind to many membrane receptors, transporters, and channels, thereby modulating their activity (3).
Therefore, it is not surprising that zinc deficiency affects multiple
organs, including the digestive (4), immune (5), and neuronal (2)
systems. A severe lack of zinc also is linked to the attenuation of
growth and sexual development (2). Conversely, an excess of
extracellular zinc is considered toxic. Indeed, brain ischemia is
accompanied by a massive release of synaptic zinc permeating
into neurons, leading to neuronal cell death (6–8). Furthermore,
striking changes in plasma-zinc concentration occur during
diverse pathophysiological syndromes including myocardial infarction, hepatic renal failure, and neoplastic processes (9).
Despite the large fluctuations in extracellular zinc concentrations and their subsequent clinical importance, little is known
about cellular signaling mechanisms that sense changes in
extracellular-zinc concentration.
The calcium-sensing receptor serves as an example for the
importance of an ion-sensing mechanism. It is a G proteincoupled receptor that senses changes in extracellular calcium
and regulates diverse cellular functions (10, 11). Although the
existence of other ion-sensing mechanisms have been suggested
(12), none have been characterized fully yet.
Gastrointestinal pathology, manifested in severe diarrhea, is
an important hallmark of zinc deficiency. Indeed, zinc has a
major role in the duration and severity of diarrheal diseases (4).
The morbidity and mortality caused by diarrheal diseases are
particularly severe in young infants and result in up to 4 million
deaths per year (13). Lack of nutritional zinc not only lowers the
epithelial-cell proliferation rate and thus the renewal of gastrointestinal mucosa (14), but also leads to impaired vectorial
transport of Na⫹, Cl⫺, and water (2, 15). Despite the importance
of zinc in controlling these cellular processes, the link between
www.pnas.org兾cgi兾doi兾10.1073兾pnas.201193398

extracellular zinc and cellular signaling pathways is not understood well.
In the present work, we describe a previously uncharacterized
G protein-coupled receptor that specifically senses changes in
extracellular zinc concentration and subsequently triggers a
release of intracellular calcium, thereby modulating ion transport in colonocytes. These findings provide evidence for a
specific zinc-sensing mechanism involving cellular signaling, and
hence, control of key cellular processes.
Materials and Methods
Cell Culture. HT29-Cl (human colon carcinoma cell line), HSY
(human salivary gland cell line), HEK293 (human embryonic
kidney cell line) were grown in DMEM as described (16–18).
The spontaneously immortalized human keratinocyte cell line
(HaCat; ref. 19) and primary normal human epidermal keratinocytes (NHK; ref. 20) isolated and propagated from young
foreskins were applied in this study. Growth media and growth
conditions were as described. All cells were seeded on glass cover
slides for 1–2 days before measurements. Measurements for the
HSY cells were performed in a fluorometric cuvette as described
(18). Transient transfection of the HEK293 cells was performed
with 3 g of the Ca-sensing receptor plasmid (CaR; kindly
provided by K. D. Rodland, Oregon Health Science Univ.,
Portland, OR) by using the calcium phosphate precipitation
method as described (17). Control cells were transfected with the
pcDNA3 vector alone. Measurements were performed 36–48 hr
after transfection.
Fluorescent Imaging. The imaging system consisted of an Axiovert

100 inverted microscope (Zeiss), Polychrome II monochromator
(TILL Photonics, Planegg, Germany) and a SensiCam cooled
charge-coupled device (PCO, Kelheim, Germany). Fluorescent
imaging measurements were acquired with IMAGING WORKBENCH 2 (Axon Instruments, Foster City, CA). All results shown
are the means of four to six independent experiments, with
averaged responses of 30–50 cells in each experiment.
Calcium Imaging. Cells were incubated for 30 min with 5 M
Fura-2 acetoxymethyl ester (AM; TEF-Lab, Austin, TX) in 0.1%
BSA in Na⫹ Ringer’s solution. After dye loading, the cells were
washed in Ringer’s solution, and the cover slides were mounted
in a chamber that allowed the superfusion of cells. Fura-2 was
excited at 340 nm and 380 nm and imaged with a 510-nm
long-pass filter. Cai was calibrated by using the calcium iono-
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Changes in extracellular zinc concentration participate in modulating fundamental cellular processes such as proliferation, secretion, and ion transport in a mechanism that is not well understood.
Here, we show that a micromolar concentration of extracellular
zinc triggers a massive release of calcium from thapsigarginsensitive intracellular pools in the colonocytic cell line HT29. Calcium release was blocked by a phospholipase-C inhibitor, indicating that formation of inositol 1,4,5-triphosphate is required for
zinc-dependent calcium release. Zinc influx was not observed,
indicating that extracellular zinc triggered the release. The Cai2ⴙ
release was zinc specific and could not be triggered by other heavy
metals. Furthermore, zinc failed to activate the Ca2ⴙ-sensing receptor heterologously expressed in HEK293 cells. The zinc-induced
Cai2ⴙ rise stimulated the activity of the Naⴙ兾Hⴙ exchanger in HT29
cells. Our results indicate that a previously uncharacterized extracellular, G protein-coupled, Zn2ⴙ-sensing receptor is functional in
colonocytes. Because Cai2ⴙ rise is known to regulate key cellular
and signal-transduction processes, the zinc-sensing receptor may
provide the missing link between extracellular zinc concentration
changes and the regulation of cellular processes.

Fig. 1. Cai2⫹ increase in response to application of zinc. Changes in Cai2⫹ in
HT29 cells loaded with Fura-2 in response to application of Zn2⫹, as described
under Materials and Methods. Zinc (100 M) was added at the indicated time
to HT29 cells superfused with 2 mM Ca2⫹-containing Ringer’s solution (F) or
Ca2⫹-free Ringer’s solution (■). In both experiments, application of Zn2⫹
resulted in a similar increase of Cai2⫹, indicating that Ca2⫹ is released from
intracellular pools.

phore Bromo-A23187 in the presence of 5 mM Ca2⫹ or 2 mM
EGTA, as described (21).
pH Imaging. By using the same experimental setup, cells were

loaded for 20 min with 5 M 2,7-bis-(carboxyethyl)-5-(and-6)carboxyfluorescein (BCECF)-AM (TEF-Lab) in 0.1% BSA in
Ringer’s solution. The excitation was at 440 nm and 490 nm, and
emission was monitored through a 510-nm long-pass filter. pHi
was calibrated at the end of each experiment, as described (22).
Spectrofluorometric Measurements. Some experiments were con-

ducted with the Ratiomaster spectrofluorometer (PTI, South
Brunswick, NJ). Cells were trypsinized and loaded with Fura-2
AM, as described above. After loading, the cells were washed
twice and resuspended in a stirring cuvette for measurements.

Results
Calcium ions are known to regulate many cellular processes. To
determine what role zinc plays in intracellular calcium fluxes, we
tested whether changes in extracellular Zn2⫹ concentration
trigger a rise in Cai2⫹. HT29 cells loaded with Fura-2 were
superfused with Ringer’s solution, and Fura-2 fluorescence was
monitored. The addition of 100 M Zn2⫹ triggered a rapid
increase in fluorescence (Fig. 1). Such increases in Fura-2
fluorescence may be the result of either calcium influx from the
extracellular medium or calcium release from intracellular pools.
To distinguish between these mechanisms, HT29 cells were
superfused with either Ca2⫹-containing or Ca2⫹-free Ringer’s
solution (Fig. 1). The increase in fluorescence triggered by 100
M Zn2⫹ was independent of the extracellular calcium; hence,
Cai2⫹ is released from intracellular pools. The lack of an elevated
plateau in the calcium response when the experiment was
performed in calcium containing Ringer’s solution may be
attributed to the inhibitory effect of zinc on the store-operated
calcium influx (23, 24). Fura-2 is also a highly sensitive probe for
changes in intracellular Zn2⫹ concentration (25). To distinguish
whether Zn2⫹ influx or zinc-induced Ca2⫹ release caused the rise
in Fura-2 fluorescence, Zn2⫹ was applied after the depletion of
intracellular Ca2⫹ stores. As shown in Fig. 2, Zn2⫹ (200 M)
applied after pretreatment with either the Ca2⫹ pump inhibitor,
thapsigargin (200 nM), or with ATP (100 M) in Ca2⫹-free
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Fig. 2.
Zinc triggers the release of calcium from thapsigargin-sensitive
intracellular stores. (a) HT29 cells were superfused with Ca2⫹-free Ringer’s
solution and treated with thapsigargin (200 nM), thus inducing a transient
Cai2⫹ rise caused by the emptying of intracellular calcium stores. Zn2⫹ (200 M)
was added after Cai2⫹ returned to a resting level. (b) ATP (100 M) was applied
to HT29 cells superfused with Ca2⫹-free Ringer’s solution, resulting in intracellular calcium release; then, Zn2⫹ (200 M) was applied (indicated by Zn
arrow). No Zn2⫹-dependent Cai2⫹ release was observed after the emptying of
intracellular stores, thus indicating that extracellular Zn2⫹ induces the release
of Ca2⫹ from thapsigargin-sensitive intracellular stores.

Ringer’s solution failed to elicit an increase in Fura-2 fluorescence. Thus, the rise in Fura-2 fluorescence was triggered by
extracellular zinc rather than Zn2⫹ influx. These findings suggest
that a metabotropic pathway triggering Cai2⫹ release from
thapsigargin-sensitive intracellular calcium pools was initiated by
an extracellular zinc-sensing receptor (ZnR).
The expression and activity of a CaR has been documented
(10, 11, 26). To determine whether the Zn2⫹-dependent Cai2⫹
release is related to the CaR, we performed the following
experiment. A solution containing 2 mM calcium (a concentration well above the reported Km for the CaR; ref. 26) was applied,
followed by a solution containing 100 M Zn2⫹. As shown in Fig.
3a, administration of extracellular calcium elicited an increase in
Cai2⫹, similar to that reported (26). The subsequent superfusion
of the cells with Zn2⫹ elicited a much greater calcium response.
These findings suggest that HT29 cells express not only the CaR
but also the putative ZnR.
Experiments performed on HEK293 cells that heterologously
express the CaR (27) provide further evidence that the ZnR is
distinct from the CaR. Whereas the addition of extracellular

Fig. 3. ZnR is distinct from the CaR. (a) HT29 cells were superfused with 2 mM
Ca2⫹-containing Ringer’s solution to activate the CaR. At the time indicated by
the arrow, Zn2⫹ (100 M) was added to the superfusing solution. The response
to Zn2⫹ was ⬇7-fold larger than the response to Ca2⫹. (b) HEK293 cells
transfected with the CaR or the vector alone (Control) were superfused with
Ringer’s solution containing 0.3 mM Ca2⫹ and 250 M Zn2⫹; then, 2 mM Ca2⫹
was added to activate the CaR. Cells expressing the CaR did not respond to the
application of Zn2⫹.
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Fig. 4. Affinity and specificity of the ZnR. (a) Maximal responses to zinc at
various concentrations are shown. Each data point represents the means ⫾ SE
of five independent experiments. Data were fitted by using the Michaelis–
Menten equation, yielding an apparent Km of 80 ⫾ 15 M. The curve is
sigmoidal with a Hill coefficient of 3, which is consistent with the cooperative
interaction of zinc ions with ZnR. (b) Cells were superfused with Ca2⫹containing Ringer’s solution containing 500 M Mn or Fe; other experiments
were done with Ca2⫹-free Ringer’s solution containing 250 M Cu or Ni (the
beginning of each experiment is marked by an arrow). Also, no response was
observed when Ni or Cu were introduced in Ca2⫹-containing Ringer’s solution
(data not shown). The lack of response to any of the other heavy metals
measured indicates that the ZnR was specifically activated by Zn2⫹.

Hershfinkel et al.

in calcium-free Ringer’s solution. Fig. 5b shows that 2-APB
totally blocked the zinc-dependent calcium release and did not
cause calcium release, as suggested for another cell line (33).
Subsequent washing with calcium-free Ringer’s solution without
the inhibitor of the IP3 receptor triggered a massive intracellular
Ca2⫹ release. It has been suggested recently that, in some cell
types, 2-APB also inhibits Ca2⫹ release-activated channels
(CRAC) (33–35). Because the experiment described in Fig. 5b
was performed in calcium-free solutions, the apparent calcium
rise followed by the inhibitor wash is caused by the activation of
the IP3 receptors rather than CRAC activity. The reversible
inhibition of the IP3 receptor by 2-APB suggests that the ZnR
triggers the release of IP3, which, upon the removal of the
2-APB, binds to the receptor and releases calcium from intracellular stores. Therefore, our results indicate that ZnR triggers
activation of PLC, followed by the release and the binding of IP3
to its receptor, with a subsequent release of calcium from
intracellular stores. The activity of ZnR was not affected by the
pretreatment of HT29 cells with 50 ng兾ml of pertussis toxin, an
inhibitor of Go and Gi (Fig. 5c). Thus, the pathway activated by
the ZnR is likely to be mediated by Gq.
Further, we tested whether ZnR is functional only in colonocytes or whether it also is expressed in other cells originating
from tissues either susceptible to zinc deficiency or involved in
zinc homeostasis. As shown in Fig. 6, application of zinc (100
M) triggered intracellular Ca2⫹ release in HSY (Fig. 6a),
HaCat (Fig. 6b), and also in a primary culture of normal human
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Ca2⫹ to control cells did not trigger any Cai2⫹ response, an
increase of Cai2⫹ was apparent in the cells heterologously
expressing the CaR (Fig. 3b). However, application of zinc failed
to evoke any Cai2⫹ release in cells expressing the Ca2⫹-sensing
receptor (Fig. 3b). These findings strongly indicate that the CaR
is not activated by Zn2⫹ and is in agreement with previous
reports (28, 29). The slow rise in Fura-2 fluorescence observed
in the control and CaR-transfected cells represents a slow zinc
permeation that, according to our preliminary results, occurs by
means of endogenous Ca2⫹ channels in HEK293 cells (D. Segal,
M.H., A.M., I.S., unpublished work).
Further, we asked whether the ZnR is activated by physiological concentrations of Zn2⫹, and whether other heavy metals
are able to activate the receptor. The amplitude of the Cai2⫹
response as a function of increasing Zn2⫹ concentration is shown
in Fig. 4a. The data were fitted to a Michaelis–Menten equation
and yielded an apparent Km of 80 ⫾ 15 M with a Hill coefficient
of ⬇3. This result is consistent with the cooperative action of zinc
ions with the ZnR, as shown for numerous G protein-coupled
receptors (27, 30). ZnR specificity was tested through the
application of heavy metals to HT29 cells. In Fig. 4b, the Cai2⫹
responses following the administration of Cu (250 M), Ni (250
M), Mn (500 M), and Fe (500 M) are shown in comparison
to the response to Zn. None of the other heavy metals tested
triggered significant changes in Cai2⫹ concentration, indicating
that the response to Zn was specific.
Many metabotropic receptors trigger intracellular Ca2⫹ release through activation of Gq or G11, as well as by activation of
the Gi and Go proteins. The ␣-subunits of these G proteins
activate phospholipase-C (PLC) (31). Subsequent generation of
inositol 1,4,5 triphosphate (IP3) leads to the release of calcium
from intracellular pools. Experiments designed to study the
signal-transduction pathway activated by the putative ZnR were
carried out in the absence of calcium in the experimental
solutions and are shown in Fig. 5. Application of the PLC
inhibitor U73122 (1 M) completely blocked the Zn2⫹-induced
increase in Cai2⫹ (Fig. 5a). In contrast, treatment with the
inactive analogue of the PLC inhibitor U73343 had no effect on
the activity of the ZnR (Fig. 5a). We next applied 2-APB, an
inhibitor of the IP3 receptor (32). Cells were preincubated for 5
min with 300 M 2-APB and then perfused with 100 M 2-APB

Fig. 5. Signal transduction pathway activated by ZnR. (a) Cells were treated
(as marked) with 1 M PLC inhibitor U73122 (active form), or U73343 (inactive
form), or the equivalent volume of DMSO (control), and the calcium response
was determined. Zinc-dependent calcium release was inhibited by the active
but not by the inactive compound, indicating that ZnR activates the PLC. (b)
Cells were pretreated with the IP3 receptor–inhibitor diphenylboric acid
2-aminoethyl ester (2-ApB), and the calcium response was monitored in
Ca2⫹-free Ringer’s solution. The zinc-dependent calcium release was blocked
in the presence of 2-APB. Washing out the inhibitor with Ca2⫹-free Ringer’s
solution resulted in a calcium rise. This fact indicates that ZnR activated the
release of IP3, which only was apparent once the inhibition of its receptor was
released. The binding of the IP3 to the unblocked receptor resulted in intracellular Ca2⫹ rise. (c) Controls and cells treated with 50 ng兾ml pertussis toxin
were superfused with Zn2⫹ (200 M). No significant change in ZnR activity was
apparent, suggesting that the Go and Gi proteins are not part of the ZnR
signal-transduction pathway.

Fig. 6. ZnR activity is observed in various cell types. The indicated cells were
superfused with calcium-free Ringer’s solution followed by the application of
100 M zinc; changes in Cai2⫹ were monitored. (a) HSY, human salivary-gland
cell line. (b) HaCat, human keratinocytic cell line. (c) For the primary culture of
normal human keratinocytes, the graph shows the averaged fluorescence
signal of the zinc-responding cells (as described in Results).

keratinocytes (Fig. 6c). In the latter case, the calcium response
was observed in about 20% of the cells. The response was
apparent after the application of zinc, which was preceded by a
1-min superfusion with the same zinc-containing Ringer’s solution. By using the same experimental procedures described for
the HT29 cells, we demonstrated that the Ca2⫹-dependent zinc
release occurred in the absence of calcium, was inhibited by the
PLC inhibitor U73122 (1 M), and was specific to zinc ions (data
not shown). These findings indicate that the expression of ZnR
is not limited to colonocytes but may play a physiological role in
other tissues.
The sodium–hydrogen exchanger (Na⫹兾H⫹) plays a key role
in colonocyte recovery from acid load and transepithelial reabsorption of sodium and water (36, 37). Therefore, it was of
interest to determine whether this physiological process is regulated by the ZnR. The Na⫹兾H⫹ exchanger in HT29 cells was
activated by an ammonium prepulse in sodium-free medium; the
recovery of intracellular pH was monitored by BCECF fluorescence after the readministration of sodium-containing Ringer’s
solution (38). As shown in Fig. 7a, the application of 100 M
Zn2⫹ accelerated the activity of the Na⫹兾H⫹ exchanger ⬇5-fold.
The rate of pHi recovery was 15.7 ⫾ 0.1 ⫻ 10⫺3 pHi units per s
in the presence of Zn2⫹ as compared with 3.0 ⫾ 0.1 ⫻ 10⫺3 pHi
units per s in the control.
We further examined whether the stimulatory effect of Zn2⫹
on the Na⫹兾H⫹ exchanger is mediated through the ZnR-induced
Cai2⫹ release. This possibility was determined by two independent methods: emptying intracellular Ca2⫹ stores with thapsigargin (see Fig. 2) or clamping intracellular Ca2⫹ by using
1,2-bis(2-aminophenoxy)ethane-N,N,N⬘,N⬘-tetraacetic acid
(BAPTA)-AM (25 M; data not shown). As shown in Fig. 7b,
when intracellular calcium changes were inhibited, the rate of
pHi recovery was not stimulated by the application of Zn2⫹. The
rate of pHi recovery after thapsigargin treatment was 3.5 ⫾ 0.4 ⫻
10⫺3 pHi units per s in the presence of Zn2⫹, as compared with
2.7 ⫾ 0.4 ⫻ 10⫺3 pHi units per s in the control; in BAPTA, the
rates were 4.0 ⫾ 0.4 ⫻ 10⫺3 and 4.5 ⫾ 0.4 ⫻ 10⫺3 pHi units per
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Fig. 7. Cai2⫹ rise mediated by ZnR stimulates Na⫹兾H⫹ exchanger activity. The
Na⫹兾H⫹ exchanger was stimulated by acidifying HT29 cells using an ammonium prepulse protocol. The rate of pHi recovery was determined by monitoring changes in BCECF fluorescence in the presence or absence of 200 M
zinc (as marked). (a) The rate of pHi recovery was accelerated ⬇5-fold in the
presence of Zn2⫹. The rate of pHi recovery was 15.7 ⫾ 0.1 ⫻ 10⫺3 pHi units per
s in the presence of Zn2⫹, as compared with 3.0 ⫾ 0.1 ⫻ 10⫺3 pHi units per s in
the control. (b) Cells treated with thapsigargin (200 nM) were superfused with
calcium-free Ringer’s solution. The rate of pHi recovery after thapsigargin
treatment was 3.5 ⫾ 0.4 ⫻ 10⫺3 pHi units per s in the presence of Zn2⫹, as
compared with 2.7 ⫾ 0.4 ⫻ 10⫺3 pHi units per s in the control. Eliminating the
changes in Cai2⫹ inhibited the zinc-stimulated pHi recovery. These results
indicate that the stimulation of the Na⫹兾H⫹ exchanger by the ZnR is mediated
by the zinc-induced rise in Cai2⫹.

s in zinc-treated and control cells, respectively. These results
indicate that, indeed, the stimulation of Na⫹兾H⫹ exchanger
activity is caused by the ZnR-mediated Cai2⫹ release.
Discussion
Changes in ion concentration have a fundamental effect on
numerous physiological processes. The sensing and signaling of
these changes may have an important homeostatic role. Indeed,
a CaR has been identified (10), and receptors to other ions such
as K⫹, Na⫹, and Cl⫺ have been proposed (12, 39). A nonselective
heavy-metal receptor also has been described in hepatocytes.
This receptor is activated by Ni2⫹, Cu2⫹, La3⫹, and Zn2⫹ (40). In
fibroblasts and endothelial cells, a nonselective heavy-metal
receptor is inhibited strongly by zinc (41, 42). We now provide
evidence for the existence of a specific ZnR that is distinct from
the calcium and the heavy-metal receptors and is functional in
HT29 cells.
The activity of the ZnR is demonstrated by the robust increase
in cytosolic Ca2⫹ concentrations triggered by the application of
extracellular Zn2⫹ (Fig. 1). Calcium is released from thapsigargin-sensitive intracellular stores, as indicated by the failure of
Zn2⫹ to trigger such a release after the emptying of stores by
thapsigargin or ATP (Fig. 2). The lack of any apparent increase
in Fura-2 fluorescence after the emptying of intracellular stores
implies that ZnR activity is mediated by extracellular Zn2⫹
rather than by cellular Zn2⫹ permeation. The apparent affinity
of the receptor (80 M) is within the physiological range of Zn2⫹
concentration in the lumen of the gastrointestinal tract (43–46).
Metal specificity of the ZnR is demonstrated by the inability of
other heavy metals to trigger Cai2⫹ release (Fig. 4b). This fact
distinguishes ZnR from the nonselective metal receptors described previously. The functional demonstration of the ZnR in
several cell types suggests that ZnR may have a general physiological role.
Release of Cai2⫹ by the ZnR is mediated by PLC, as it can be
inhibited completely by the PLC inhibitor U73122 (Fig. 5a). The
reversible inhibition of the calcium response by the IP3 receptor–
inhibitor, 2-APB, suggests that the ZnR-dependent calcium
release requires the binding of the IP3 to its receptor (Fig. 5b).
Hershfinkel et al.

Insensitivity of the ZnR to pertussis toxin (Fig. 5c) indicates that
Gq or G11 rather than Gi or Go is involved in the signaltransduction pathway leading to Cai2⫹ release.
Our results further suggest that the ZnR is distinct from the
CaR because of the following reasons. (i) Although the CaR was
present in HT29 cells and could be activated by Ca2⫹ (26),
application of Zn2⫹ in the presence of 2 mM calcium triggered
a much larger Cai2⫹ release (Fig. 3a). (ii) HEK293 cells heterologously expressing a functional CaR failed to show Zn2⫹dependent Ca2⫹ release (Fig. 3b). The failure of zinc to activate
the CaR in this work is in agreement with previous reports
(28, 29).
Notwithstanding the distinction between the two receptors,
the ZnR shares several features with the CaR, such as activation
by a metal ligand and a similar signal-transduction pathway,
indicating that ZnR may be a previously uncharacterized member of the mGlu receptor family. Indeed, several CaR homologues have been identified but have not been functionally
characterized yet (47).
Zinc deficiency directly reduces the uptake of amino acids in
the intestine (48). In addition, zinc ions in physiological concentrations decrease the membrane potential in oxyntic cells,
thereby reducing the transport of K⫹, Cl⫺, and NO2 (4, 48–51).
The Na⫹兾H⫹ exchanger plays a central role in vectorial Na⫹
transport and pH homeostasis in the colon (52–54). Activation
by Cai2⫹ has been demonstrated for the Na⫹兾H⫹ exchanger in
several cell lines (55–57). We show that the zinc-triggered Cai2⫹
rise stimulates Na⫹兾H⫹ exchanger activity (Fig. 7); this increase
may enhance the vectorial Na⫹ transport and the subsequent
transport of water across the colon epithelia.
Zinc ions have a well recognized mitogenic effect that is
essential for the development and functioning of numerous
tissues. Yet, the mechanism linking zinc to cell proliferation
remains unknown. The proliferative effect of zinc is not likely to
be mediated by direct interaction with intracellular metalloproteins, because symptoms of zinc deficiency precede changes
in intracellular Zn2⫹ content (14, 58). Zn2⫹ also activates major
signal-transduction pathways involved in cell proliferation, such
as the mitogen-activated protein (MAP) kinase (14). However,
chelating the intracellular zinc does not change the activation
state of MAP kinase (59). Altogether, these findings suggest the
presence of a mechanism capable of sensing changes in extra-

cellular zinc and triggering cell signaling even before changes in
intracellular Zn2⫹ are manifested. We propose that ZnR, described in the present work, may be responsible for sensing
extracellular Zn2⫹ and for triggering Cai2⫹ release. Such a
release of intracellular calcium may lead to the opening of the
calcium release activated channel (CRAC), thus prolonging the
period of elevated intracellular calcium levels. Hence, activation
of the ZnR leading to calcium rise, from intracellular pools and
the subsequent activation of the CRAC, may regulate cell
proliferation.
Zinc is essential for the healing of wounds, promoting cell
proliferation, and growth (60, 61). In fibroblasts, zinc enhances
cell proliferation synergistically with calcium (62). Keratinocyte
proliferation is activated by changes in Cai2⫹ concentration (63,
64) and is enhanced by extracellular zinc. Our results suggest that
ZnR activation provides the mechanism linking the proliferation
of keratinocytes, Cai2⫹ changes, and zinc. Indeed, our results
show that the ZnR is functional in keratinocytes. Zinc is excreted
by the pancreas, salivary, and sweat glands (2). It is conceivable
that the activity of the ZnR in these tissues may play a role in
regulating their excretory functions. Furthermore, our finding
that the ZnR regulates the Na⫹兾H⫹ exchanger in colonocytes
may suggest the importance of the ZnR in modulating the
intense proton transport mediated by these tissues. In the brain,
chelatable zinc is present in glutamatergic synaptic vesicles. Zinc
is released into glutamatergic synapses during neuronal activity
and modulates the activity of postsynaptic receptors such as
N-methyl-D-aspartate (NMDA) and ␣-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) (3, 7, 8, 65). The
presence of a ZnR may provide the link between extracellular
Zn2⫹ and the diverse responses that occur in neurons.
In conclusion, our results suggest that a specific Zn2⫹-sensing
receptor triggers massive Ca2⫹ release from intracellular stores.
This receptor is capable of sensing extracellular Zn2⫹, thereby
activating diverse signal-transduction pathways. Thus, the ZnR
may be the missing link between changes in extracellular Zn2⫹
and fundamental cell processes.
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