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INTRODUCTION
Zinc transporter-protein-3 (ZnT-3) has

6 transmembrane domains with a histi-
dine-rich cytoplasmic loop responsible
for mediating zinc transport. Studies of
the central nervous system shown that
ZnT-3 is localized to glutamatergic- and
tyrosine hydroxilase-positive vesicles.
We initially used immunohistochemical
techniques to examine the distribution of
the ZnT-3 protein in vertical sections of
the light-adapted mouse retina (1). The
ZnT-3 protein appeared in lateral bands
in the regions of the outer limiting mem-
brane, photoreceptor inner segments,
outer plexiform, inner nuclear, inner
plexiform, and ganglion cell layers. The
outer nuclear layer and photoreceptor
outer segments did not exhibit immuno-
reactivity. In the present study, to clarify

cellular ZnT-3 localization, we isolated
murine retinal neurons and antibody-
labeled them for ZnT-3.

The murine ZnT-3 gene has eight
exons and maps to chromosome 5 in
mice (2). The ZnT-3 protein has 388
amino acids, which form six transmem-
brane domains enclosing a pore lined
with a histidine-rich loop active in zinc
transport (3). The protein localizes
primarily to glutamate and tyrosin-
hydroxilase positive zinc-enriched vesi-
cles in neural tissue (2,4). The concentra-
tion of zinc within ZnT-3 localized
glutamatergic vesicles has been esti-
mated to be up to 1 mM (5). Release of
zinc into synaptic clefts of zinc-enriched
terminals has been measured at concen-
trations of 10-30 µM with possible ex-
treme rises to 300 µM (6). Regions in the

mouse nervous system, which have la-
beled for the ZnT-3 protein, include hip-
pocampus, amygdala, spinal cord, and
superior cervical ganglia (4,7,8).

The transport mechanism of ZnT-3
functions via electrogenic antiport, ex-
changing one hydrogen for one zinc ion
(3). Cellular zinc influx has been shown
to exhibit pH dependence with a peak in-
flux near pH 7.4 and inhibition of influx
occurring at pH 6.0 (9). Neurons demon-
strated decreased zinc uptake with extra-
cellular acidification and increased zinc
uptake with intracellular acidification (9).

The murine retina has been shown to
localize zinc in photoreceptor soma in
dark-adapted states and in photoreceptor
inner segments in light-adapted states
(10). Zinc with an unbound charge capa-
ble of being labeled is also found in rat
retinal pigment epithelium, outer plexi-
form, inner plexiform, inner nuclear, and
ganglion cell layers in both light- and
dark-adapted conditions (10). The con-
centration of zinc in retinal cells other
than photoreceptors remains relatively
stable between light and dark conditions.
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In our prior study labeling mouse reti-
nal slices for ZnT-3, we noted that the
lateral banding pattern of immunoreac-
tivity mirrored regions containing Müller
cell apical villi, soma, and endfeet (1). In
the current study we demonstrate cellu-
lar ZnT-3 localization to Müller cells by
antibody labeling of isolated rat and
mouse retinal cells as described below.

MATERIALS AND METHODS
Microscope slide covers (Fisher-12-

541A; Fisher Scientific, Pittsburgh, PA,
USA) were prepared with poly-L-lysine
and plated in 200 µL of Ringer solution
(pH 7.4) containing [in mM] NaCl [137],
KCl [5], CaCl2 [2], MgSO4 [1], Na2HPO4

[1], HEPES [10], and glucose [22]. Six
adult C57BL\6 mice and four Long
Evans rats were killed. Their eyes were
removed and placed in ice-cold Ringer
solution. By cutting along the ora serrata
with a microscissor, we removed the
cornea and lens. Eyecups were sub-
merged in Ringer solution in 35×10 mm
petri dishes, and retinas were teased
out of the eyecups with forceps. Retinas
were then rotated slowly for one hour
in 35×10 mm dishes containing: papain
(2 mg/mL) and L-cysteine (1 mg/mL)
in 3 mL of Ringer solution. Retinas
were transferred with a sterile 10-mL
glass pipette to a 15-mL tube containing
3 mL of fresh Ringer solution and
rinsed eight times.

After Ringer rinse, cells were isolated
by repeating the triturations from 8 to up
to 64 times and plating two to three
drops of supernatant onto treated slide
covers. From each dissociated retina, 10
slide covers of isolated cells were pre-
pared for labeling. Cells were allowed to
settle and adhere for one hour and then
fixed with 4% paraformaldehyde. Cells
were rinsed three times with 0.1 M PBS,
pH 7.4. The cells were then rinsed with
0.6% Brij-58 (Sigma-P5884) for 20 min,
then rinsed in PBS three times. Next,
cells were rinsed two times in 0.05 M
Tris-HCl buffer with 0.15 M NaCl, pH
7.4, (Fluka-93318).

Isolated cells were incubated in block-
ing buffer in TBS containing 3% BSA, 3%

goat serum, and 0.025% DMSO for one
hour, then rinsed with TBS for three 10-
min periods. Cells were then incubated
in affinity-purified rabbit anti-mouse
ZnT-3 antibody at concentrations of
1:20–1:100 for one hour and rinsed with
TBS for four 10-min periods. This proce-
dure was followed by incubation in goat
anti-rabbit FITC label for one hour
(Sigma-F9887). Finally, cells were rinsed
in TBS for three 10-min periods and then
once in PBS for 10 min. Slide covers were
sealed to slides, and cells imaged by use
of a Zeiss confocal microscope.

RESULTS
Of the isolated retinal cell types stud-

ied, only Müller cells showed significant
labeling for the ZnT-3 antibody. In each
slide with visible antibody reactivity, 6–8
labeled Müller cells were identifiable. In
the majority of DAB-labeled rat retinal
Müller cells, the protein localizations ap-
peared slightly denser in the apical villi
and endfeet regions (Figure 1). Processes
and somas of Müller cells showed label-
ing with slightly lower concentration and
intensity. FITC labeled mouse retinal
Müller cells showed fluorescence along
the entire length of these transretinal
cells (Figure 2).

In our earlier study of mouse-slice
ZnT-3, antibody banding appeared pri-
marily in regions in which Müller cell
apical villi, soma, and endfeet are found.
Outer and inner plexiform regions were
also labeled with weaker labeling in the
inner plexiform layer. In this study the
ZnT-3 protein appeared to be expressed
throughout the Müller cell. Confocal
three-dimensional reconstruction showed
that cells exhibited label in all areas of
the cell membrane. This finding seems to
indicate that ZnT-3 may be used in a
novel way as a zinc transporter by
Müller cells.

Presumed rod and cone somas treated
under the identical labeling protocol as
Müller cells exhibited no ZnT-3 localiza-
tion. Presumptive photoreceptor cells
were identified by small ~4-μm diameter
soma and highly abundant distribution
(11). Bipolar cell soma and processes also

appeared to be clear of ZnT-3 reactivity.
Other retinal neurons with indistinct
morphology appeared less often and ex-
hibited no reactivity.

In summary, in preparations of ZnT-3
DAB-labeled isolated retinal cells, Müller
cell apical villi, soma, and endfeet exhib-
ited reactivity. With FITC label and
confocal analysis of isolated cells, ZnT-3
protein appeared to be distributed
throughout the Müller cell. Neither bi-
polar cells nor photoreceptor somas ap-
peared to label for the ZnT-3 protein.

DISCUSSION
ZnT-3 is a member of the cation diffu-

sion facilitator (CDF) family of zinc
transport proteins involved in zinc efflux
out of the cytoplasm into intracellular
compartments or across cell membranes
(3). The ZIP (ZRT, IRT-like protein) fam-
ily contains another group of zinc trans-
porters responsible for influx. Evidence

Figure 1. DAB-labeled isolated rat Müller
cells viewed using conventional light mi-
croscopy. (A) Control DAB-processed rat
Müller cell in the absence of the ZnT-3 an-
tibody showing no labeling. (B) ZnT-3-DAB-
labeled Müller cell viewed using conven-
tional light microscopy. Müller cell apical
villi, soma, and endfeet show dark brown
labeling indicating the presence of the
ZnT-3 protein. Scale bar: 40 µm.
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suggests that both transport families
function at zinc concentrations less than
100 µM while neurons are at rest. In de-
polarized states with zinc concentrations
above 100 µM, influx occurs through
channel pathways (9). Our results indi-
cate the presence of ZnT-3 on Müller
cells. It is probable that this particular
transport protein functions in concert
with other zinc transporters and chan-
nels in the retina.

Based on these findings it seems plau-
sible that Müller cells are utilizing the
ZnT-3 protein to assist with mediating
zinc transport. The glutamate GLAST
(L-glutamate/L-aspartate transporter) lo-
calizes only to Müller cells in all retinal
layers (12), and glutamate and zinc ap-
pear in corresponding retinal layers.
Thus, Müller cell zinc transport may
work in a fashion similar to glutamate
transport by GLAST. Interestingly, in the
rat retina, high levels of reactive zinc are
observed in photoreceptor soma only in
dark-adapted preparations, whereas high
levels of reactive zinc in the region of the
photoreceptor inner segments are ob-
served only in light-adapted states (10).
Müller cells are in constant contact with
photoreceptors and may be involved in

light-induced retinal zinc redistribution
from proximal to more distal regions.

The band of reactive zinc noted in the
region of the photoreceptor inner seg-
ments in light-adapted rat retina (10) is
of special interest with respect to the
ZnT-3–rich apical processes of Müller
cells located in this region. Although this
region is not known to have an abun-
dance of vesicles that might be associ-
ated with ZnT-3 transporter, approxi-
mately 70% of retinal mitochondria are
located in the photoreceptor inner seg-
ments (13). Zinc has been shown to enter
mitochondria and modulate respiration
via metallothionein (14). Mitochondria
also release submicromolar levels of zinc
in response to depolarization in a cal-
cium-dependent manner (15,16). In the
region of inner segments, mitochondria
and high concentrations of zinc are colo-
calized (10,13), and the Müller cell apical
processes are available to regulate zinc
homeostasis.

Several electrophysiological studies
have demonstrated zinc sensitivity in a
variety of cell and receptor subtypes
throughout the retina (17–20). It has been
proposed that zinc is stored with gluta-
mate in photoreceptor terminals and re-

leased to function as a neuromodulator
(17). In regions where zinc is released
from synaptic terminals, the ZnT-3 laden
Müller cell may take in excess zinc to
prevent zinc toxicity or simply to main-
tain a gradient of zinc concentration in
the extracellular space.

Müller cells utilize K+ transporters in
endfoot regions to establish homeostasis
between vitreous and neural retina (21).
Heavy ZnT-3 labeling in conical Müller
cell endfeet suggests that Müller cells
could also be involved in regulating zinc
homeostasis between the vitreous and
neural retina. Hence, our observation of
ZnT-3 label associated with Müller cells
isolated from rat and mouse retinas sug-
gests that these cells may be actively in-
volved retinal zinc transport. Elucidating
the function of ZnT-3 localized to retinal
Müller cells will require further investi-
gation. On the basis of our current study
results and those of related studies of
zinc localization and physiology, it ap-
pears likely that Müller cells in the
murine retina utilize the ZnT-3 trans-
porter to facilitate retinal zinc localiza-
tion. Based on these findings it seems
possible that ZnT-3 transporter may be
utilized by Müller cells to regulate retinal
zinc homeostasis.
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