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Background: Delivery of the anti-oxidant, glutathione, to the lens nucleus is vital for its transparency.
Results: Gap junction channels, which couple central fiber cells to outer lens cells, are permeable to glutathione.
Conclusion: Glutathione diffuses from cortical cells to the nucleus via gap junctions.
Significance: The age-dependent decline of glutathione levels, an initiating factor in cataract formation, might be due to
alterations in coupling.

Maintenance of adequate levels of glutathione (GSH) in the
lens nucleus is critical for protection of lens proteins from the
effects of oxidative stress and for lens transparency. How GSH is
transported to the nucleus is unknown. We show that GSH dif-
fuses to the nucleus from the outer cortex, where a high concen-
tration of the anti-oxidant is established by synthesis or uptake,
via the network of gap junctions. Using electrophysiological
measurements, we found that channels formed by Cx46 and
Cx50, the two connexin isoforms expressed in the lens, were
moderately cation-selective (PNa/PCl �5 for Cx46 and �3 for
Cx50). Single channel permeation of the larger GSH anion was
low but detectable (PNa/PGSH �12 for Cx46 and �8 for Cx50),
whereas permeation of divalent anion glutathione disulfide
(GSSG) was undetectable. Measurement of GSH levels in the
lenses from connexin knock-out (KO) mice indicated Cx46, and
not Cx50, is necessary for transport of GSH to the core. Levels of
GSH in the nucleus were markedly reduced in Cx46 KO,
whereas they were unaffected by Cx50 KO. We also show that
GSH delivery to the nucleus is not dependent on the lens micro-
circulation, which is believed to be responsible for extracellular
transport of other nutrients to membrane transporters in the
core. These results indicate that glutathione diffuses from cor-
tical fiber cells to the nucleus via gap junction channels formed
by Cx46. We present a model of GSH diffusion from outer cells
to inner fiber cells through gap junctions.

Age-related nuclear cataract is a leading cause of blindness in
the world. A key initiating factor in the formation of age-related
cataracts is the abrupt reduction in the levels of glutathione in
the lens nucleus. GSH, a monovalent anionic tripeptide, is the
principal antioxidant in the lens and maintains protein thiols in

a reduced state (1, 2). Levels of GSH are high in the epithelium
and in outer differentiating fibers where the anti-oxidant is syn-
thesized from the amino acids cysteine, glutamate, and glycine
by the enzymes �-glutamylcysteine synthetase and glutathione
synthetase (3, 4). A high ratio of GSH to GSSG here is main-
tained by the enzymatic action of glutathione reductase, whose
activity is greatest in the outer cortex (3, 4). In contrast, levels of
GSH are lower in the lens nucleus (1, 5–7), due to utilization
and the much reduced activity of enzymes involved in its syn-
thesis and regeneration. The regional variation in GSH levels is
known to worsen with age, making proteins in the lens nucleus
highly susceptible to the effects of reactive oxygen species, lead-
ing to formation of protein-mixed disulfides and high molecu-
lar weight aggregates and nuclear cataracts (8 –11).

The mechanism by which GSH is transported to the lens
nucleus is not clear. The lens maintains an internal circulating
current that generates a circulation of fluid (12). which brings
metabolites like glucose into the lens core from the aqueous
humor. The circulating current is primarily carried by sodium
ions and enters the lens along the extracellular spaces between
cells (13, 14). After crossing the fiber cell membranes in the lens
interior, it flows from cell to cell toward the surface through a
gap junction-mediated pathway (13, 14). The high concentra-
tion of gap junction channels at the equator causes the intracel-
lular current to be directed to surface cells (15), where Na�/K�

pumps located in epithelial cells transport the sodium out of the
lens. The circulating ionic current generates fluid flow through
gap junctions. Passive gap junction-mediated intracellular fluid
flow is driven by hydrostatic pressure, which is highest in lens
central cells and lowest in the peripheral cells (16). Solutes such
as glucose are carried by extracellular water flow and are taken
up into inner fiber cells by membrane glucose transporters (17).
Anti-oxidants such as GSH might be carried to the lens core in
a similar fashion, although uptake transporters for GSH in the
nucleus have not yet been identified.

An alternative view is that GSH diffuses from the outer cor-
tex to the nucleus via gap junction channels. This view was
based on a study that followed the movement of 35S-labeled
cysteine in the lens (18, 19). Movement of the label, which was
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incorporated into GSH, occurred in the equatorial plane along
the length of fiber cells where gap junctions are abundantly
expressed. A barrier to diffusion of GSH was shown to develop
with age, leading to a decrease in GSH delivery to the lens core
(19). Diffusion of anionic GSH through gap junctions is driven
by the large concentration gradient from the surface to the cen-
ter as well as by the relatively depolarized resting membrane
potential of inner fiber cells (Vm ��50 mV) compared with
outer fiber cells (Vm ��70 mV) (14). Gap junctional coupling
in fiber cells is provided by two connexin isoforms, Cx46 and
Cx50 (20 –23). In the outer cortex, coupling is provided by both
Cx46 and Cx50, with each connexin contributing roughly 50%
of the total conductance (�1 siemens/cm2), whereas in mature
fiber cells the coupling conductance is dominated by Cx46 gap
junctions (20, 24 –26).

The purpose of this study was to determine the pathway by
which GSH is transported to the lens core. Diffusion of the
anti-oxidant from the cortex to the nucleus is mainly depen-
dent on the permeability of gap junctions formed by Cx46 and,
to a lesser extent Cx50, to GSH. The extent to which the two
lens gap junction channels allow the passage of GSH is not
known. Therefore, we first examined the permeation of anions
(Cl� and GSH�) through channels formed by Cx46 and Cx50
using electrophysiological measurements in exogenous expres-
sion systems. Next, we determined the influence of gap junc-
tional permeability of GSH on the levels of the anti-oxidant in
the lens core. Specifically, we measured the levels of the anti-
oxidant in Cx46 and Cx50 KO mice. Finally, we examined the
contribution of the lens microcirculation to the delivery of
GSH. Our results indicate that Cx46-mediated intercellular
diffusion of GSH from the outer cortex is a major source by
which the lens nucleus receives its supply of the important
anti-oxidant.

EXPERIMENTAL PROCEDURES

Transient Transfection of Mammalian Cells—Mouse neuro-
blastoma (N2A) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. Cells were
transiently transfected with 400 ng of Cx43, Cx46, or Cx50
cDNAs in combination with mCherry plasmid (Clontech) with
Lipofectamine 2000 reagent (Invitrogen), according to the
manufacturer’s instructions. DNA concentrations were mea-
sured using Nanodrop 2000 (Thermo Scientific). Cells were
plated at low density onto glass coverslips.

Expression of Cx46 and Cx50 Hemichannels in Xenopus
Oocytes—RNA was synthesized and oocytes were prepared and
injected as described previously (27). Injected oocytes were
maintained at 16 –18 °C in a modified ND96 solution contain-
ing (in mM) 100 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 10 glucose, 10
HEPES, 5 pyruvate, pH adjusted to 7.6. For patch clamp record-
ings of Cx46 and Cx50 hemichannel currents, Xenopus oocytes
were manually devitellinized in a hypertonic solution consist-
ing of (in mM) 220 sodium aspartate, 10 KCl, 2 MgCl2, and 10
HEPES and then placed in the ND96 solution with no added
CaCl2.

Experimental Animals—Genetically modified mice used in
this study included Cx46 knock-out (Cx46 KO) and Cx50

knock-out (Cx50 KO) (23, 28). All mice were in a C57BL genetic
background. In this background, genetic ablation of Cx46 leads
to formation of far milder cataracts (29). For all experiments,
1– 6-month-old animals were used, as specified in the text. Ani-
mals were euthanized by CO2 inhalation; their eyes were enu-
cleated, and the lenses were dissected.

Measurement of GSH Levels—Whole lenses were dissected,
weighed, and homogenized in ice-cold phosphate-buffered
saline (PBS). In majority of experiments, lenses were separated
into two fractions, with one fraction containing the epithelium
and outer cortex and other containing the nucleus, and homog-
enized in 300 and 100 �l of PBS, respectively. Samples were
centrifuged at 4 °C for 15 min at 10,000 rpm. For deproteina-
tion, equal volumes of 10% metaphosphoric acid were added to
the supernatants, and samples were centrifuged at 4 °C for 10
min at 10,000 rpm. GSH was measured in deproteinated super-
natants using the glutathione assay kit (Cayman Chemical Co.,
Ann Arbor, MI) according to manufacturer’s instructions. For
experiments in which the lens circulation was inhibited, whole
lenses were incubated for 3 h at 37 °C in artificial aqueous
humor (AAH)2 or AAH supplemented with Na�/K� pump
inhibitor ouabain (1 mM) or Na�-free AAH before the GSH
assay. AAH contained (in mM) 130 NaCl, 5 KCl, 5 NaHCO3, 1
CaCl2, 0.5 MgCl2, 5 glucose, 20 HEPES.

Electrophysiological Recordings and Data Analysis—All elec-
trophysiological measurements were obtained using Axopatch
1D patch clamp amplifiers (Axon Instruments, Foster City,
CA). Data were acquired by using pCLAMP9.2 software
(Molecular Devices, CA); analysis was performed with
pCLAMP9.2 and ORIGIN 6.0 software (Microcal Software,
Northampton, MA). Single channel currents were filtered at
0.5–1 kHz and sampled at 2–5 kHz.

Junctional currents were measured between N2A cell pairs
using the dual whole cell voltage clamp technique as described
previously (30). Single channel currents were investigated in
weakly coupled cell pairs (1 or 2 channels) without the use of
uncoupling agents by applying voltage ramps to one cell of a
pair. The solution bathing the cells contained (in mM) 140 NaCl,
5 KCl, 2 CsCl, 2 CaCl2, 1 MgCl2, 5 HEPES, 5 dextrose, 2 pyru-
vate, and 1 BaCl2, pH 7.4. Patch electrodes had resistances of
3–5 megohms when filled with internal solution containing (in
mM) 140 NaCl, 5 EGTA, 1 CaCl2, and 10 HEPES, pH 7.2. In
experiments involving ionic substitutions, NaCl was replaced
by equimolar amounts of sodium salts of different anions.
Pipette solutions containing NaGSH were prepared in deoxy-
genated distilled water (bubbled with 100% nitrogen for one h)
on ice and immediately stored at �80 °C in 1-ml aliquots. Solu-
tions were aspirated into a gas-tight Hamilton syringe before
use.

For reversal potential measurements of gap junction channel
currents, one patch pipette solution consisted of (in mM) 150
NaGSH (or NaCl), 5 EGTA, and 5 HEPES, pH 7.3. The other
patch pipette was filled with the same solution except that
NaGSH (or NaCl) was reduced to 50 mM with PEG-600 added
to balance osmolarity. The Ag-AgCl wire was connected to the

2 The abbreviation used is: AAH, artificial aqueous humor.
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bath via a 3 M KCl agar bridge. The pipette Ag-AgCl wire was
connected to a 3 M KCl-containing agar bridge (3% agarose)
inside the pipette holder. Amplifier offsets were nulled with the
tips of the pipettes in a stream of 1 M KCl solution to minimize
the liquid junction potentials between the different pipette
solutions and the bath solution. After correcting the offset,
whole cell recordings of cell pairs were obtained to measure
junctional currents. Voltage ramps from �100 to �100 mV
were applied to one cell of a pair, and the junctional current was
recorded from the second cell. Reversal potentials were mea-
sured by applying voltage ramps to one cell of a pair. All mea-
surements were done in weakly coupled cell pairs (�1 nS) to
ensure that gradients do not collapse due to mixing of pipette
solutions between coupled cells. The baseline membrane cur-
rents for each cell were measured by manually separating cells
at the end of the recording and were subtracted from the junc-
tional current. Activity coefficients were used in the Goldman-
Hodgkin-Katz equation for calculation of permeability ratios of
anions relative to Na� (PNa/Panion) from the changes in the
reversal potential, Erev. The permeability ratios for GSH were
calculated by assuming that it has the same activity coefficient
as Cl�.

Reversal potentials of single Cx46 and Cx50 hemichannel
currents in Xenopus oocytes were obtained by exposing excised
inside-out patches to 4:1 salt gradients. The pipette solution
contained 100 NaGSH (or 100 NaCl), 5 EGTA, 1 MgCl2, 1
CaCl2, and 5 HEPES, pH 8.0. The bath contained the same
solution, except that NaGSH (or NaCl) was increased to 400
mM in some experiments. All other experimental procedures,
including correction of liquid junction potentials and calcula-
tion of permeability ratios, were performed as described above.

RESULTS

GSH Permeability of Cx46 and Cx50 Channels—For a large
aqueous pore such as those formed by connexin channels, uni-
tary conductance is dependent on the aqueous mobility of the
ion, assuming that the movement of ions in the channel is inde-
pendent (31). To obtain a qualitative estimate of anionic flux
through gap junctions formed by Cx46 and Cx50, we measured
single channel conductances with patch pipettes containing
140 mM sodium salts of chloride, glutamate, ascorbate, and
GSH anions. The aqueous mobilities of these anions follows the
sequence chloride � glutamate � ascorbate � GSH. The effect
of replacement of Cl� with larger anions on the single channel
conductance of gap junctions formed by Cx43 was also mea-
sured in comparison, as it is known to form nonselective chan-
nels (31, 32). Single channel current voltage relations for Cx43,
Cx46, and Cx50 gap junctions in different sodium salts were
generated by application of voltage ramps between �100 to
�100 mV to one cell of a pair. Fig. 1A shows a representative
recording from a Cx50-expressing cell pair in NaCl and
NaGSH. Replacement of Cl� with GSH did not affect channel
gating or the open and closed time distributions (data not
shown). Equimolar replacement of Cl� with progressively
larger anions caused a decrease in unitary conductance of Cx43,
Cx46, and Cx50 gap junction channels (Table 1). However, as
shown in Fig. 1B, the magnitudes of decrease in single channel
conductance were dependent on the connexin subtype.

Replacement of Cl� with glutamate and GSH reduced conduc-
tance of Cx43 gap junction channels by � 40 and 60%, respec-
tively (Fig. 1B). In contrast, the single channel conductance of
Cx46 and Cx50 channels changed by only 7 and 15%, respec-
tively, when patch pipettes contained sodium glutamate instead
of NaCl. Similarly, replacement of Cl� with GSH reduced the
unitary conductance of Cx46 and Cx50 channels by only 14 and
32%, respectively (Table 1). These results suggest that the con-
ductance in Cx46 is dominated by cations, whereas in Cx43 it is
provided by both anions and cations. Cx50 channels also appear
to display a higher selectivity for cations although to a lower
extent compared with Cx46.

We measured reversal potentials in single salt gradients to
obtain a more precise estimate of anionic permeability of chan-

FIGURE 1. Effect of large anions on single channel conductance of Cx43,
Cx46, and Cx50 gap junctions. A, single channel current-voltage relations
from Cx50-expressing cells in symmetric 140 mM NaCl or NaGSH internal solu-
tions. Currents were recorded in response to voltage ramps from �100 to
�100 mV. Replacement of chloride with GSH in the recording solution
reduced the Cx50 single channel conductance without affecting gating. Sin-
gle channel conductances of Cx43, Cx46, and Cx50 gap junctions in different
sodium salts were measured from I-V relations and collectively presented in
Table 1. B, reduction in conductance when Cl� was replaced with larger
anions. The single channel conductance of Cx43, Cx46, and Cx50 junctional
channels was reduced in a manner proportional to their aqueous diffusion
coefficients. The magnitudes of the decrease were largest for Cx43 but lower
for Cx46 and Cx50, suggesting differences in charge selectivity. Reductions
were calculated from the results presented in Table 1.

TABLE 1
Single channel conductances of Cx43, Cx46, and Cx50 measured with
patch pipettes containing 140 mM of sodium salts
Values are means � S.E. from 5 to 10 cell pairs for each condition.

Sodium salt Cx43 Cx46 Cx50

Cl� 89.7 � 1.6 94.9 � 2.3 144.1 � 1.9
Glutamate� 57.1 � 3.1 86.5 � 3.3 125.2 � 4.4
Ascorbate� 49.3 � 0.7 81.7 � 2.3 111.1 � 2.4
GSH� 36.2 � 1.1 67.5 � 1.9 95.7 � 1.7
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nels formed by Cx46 and Cx50. Anionic permeability of both
unopposed hemichannels and gap junction channels formed by
Cx46 and Cx50 was measured. The permeabilities of chloride
and the larger GSH anion relative to Na� are shown in Figs. 2
and 3, respectively. Fig. 2 shows single hemichannel currents
from Cx46- and Cx50-expressing oocytes in symmetric and
asymmetric NaCl solutions in the bath and pipette. Single
hemichannel current-voltage relations were obtained from
excised patches in response to voltage ramps from �70 to �70
mV. In symmetric 100 mM NaCl solutions, Cx46 and Cx50
hemichannel currents reversed at 0 mV (Fig. 2A). Replacement
of 100 mM NaCl in the solution bathing the extracellular face of
hemichannels with 400 mM NaCl shifted reversal potentials

toward the Na� equilibrium potential (Fig. 2B). In the illus-
trated recordings, reversal potentials in 4:1 gradients were
found to be �20 mV for Cx46 and �16 mV for Cx50. Using
reversal potentials from multiple patches and the Goldman-
Hodgkin-Katz voltage equation, the PNa/PCl values were calcu-
lated to be �5 and �3.3 for Cx46 and Cx50 hemichannels,
respectively (Fig. 2C), indicating a preference of both connexin
channel subtypes to cations. In addition, the presence of a
higher concentration of salt on the extracellular side of the
hemichannels changed the rectification of the I-V curves. In
symmetrical salts, the Cx46 and Cx50 I-V relations display a

FIGURE 2. Cx46 and Cx50 form cation-preferring channels. A and B, single
channel current-voltage relations for Cx46 (left) and Cx50 (right) hemichan-
nels in symmetric NaCl solutions (A) or 100:400 asymmetric NaCl solutions (B).
Cx46 and Cx50 hemichannel currents were recorded from excised inside-out
patches in response to 8-s voltage ramps applied between �70 and �70 mV.
In symmetric NaCl solutions, Cx46 and Cx50 currents show inward rectifica-
tion and reversed polarity at 0 mV. In asymmetric NaCl solutions, reversal
potentials for Cx46 and Cx50 hemichannel currents are shifted toward the
equilibrium potential for Na�, indicating a lower permeability to Cl� relative
to Na�. Inward rectification of the currents also increased in asymmetric solu-
tions, consistent with the presence of higher Na� concentration on the extra-
cellular side. C, permeability ratios (PNa/PCl) of hemichannels (left) and gap
junction channels (right) formed by connexins expressed in the lens. PNa/PCl
values for hemichannels and gap junction channels were calculated from
reversal potentials in asymmetric 4:1 and 3:1 NaCl gradients, respectively.
Hemichannels and gap junction channels formed by Cx46 and Cx50 are mod-
erately selective for Na� over Cl�. In comparison, Cx43 forms nonselective
channels. Values represent the means � S.E. from multiple recordings.

FIGURE 3. GSH permeability of hemichannels and gap junction channels
formed by Cx46 and Cx50. A and B, single channel current-voltage relations
for Cx46 (left) and Cx50 (right) hemichannels in symmetric NaGSH solutions
(A) or 100:400 asymmetric NaGSH solutions (B) are shown. Cx46 and Cx50
hemichannel currents were recorded from excised inside-out patches in
response to 8-s voltage ramps applied between �70 and �70 mV. In sym-
metric NaGSH solutions, Cx46 and Cx50 currents show inward rectification
and reversed polarity at 0 mV. In asymmetric NaGSH solutions, reversal poten-
tials for Cx46 and Cx50 hemichannel currents were below the equilibrium
potential for Na� (�33 mV using activity coefficients), indicating that GSH
permeates Cx46 and Cx50 channels. Inward rectification of the currents also
increased in asymmetric solutions, consistent with the presence of higher
Na� concentration on the extracellular side. C, permeability ratios (PNa/PGSH)
of hemichannels (left) and gap junction channels (right) formed by connexins
expressed in the lens. PNa/PGSH values for hemichannels and gap junction
channels were calculated from reversal potentials in asymmetric 4:1 and 3:1
NaGSH gradients, respectively. Hemichannels and gap junction channels
formed by Cx46 and Cx50 have a low but finite permeability to GSH relative to
Na�. In comparison, Cx43 forms channels that exhibit a higher permeability
to GSH. Values represent the means � S.E. from multiple recordings.
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nearly 2:1 inward rectification over the �70-mV range of the
membrane potential, which has been attributed to the presence
of fixed negative charges located toward the extracellular end of
the hemichannel pore (32). In asymmetric NaCl gradients, the
rectification was increased significantly due to the higher Na�

concentration on the extracellular face of the hemichannel.
The charge selectivity of Cx46 and Cx50 cell-cell channels

was similar to that of unopposed hemichannels, indicating that
rearrangements that occur with docking do not influence the
properties of the pore (Fig. 2C). Charge selectivity of Cx46 and
Cx50 gap junction channels was determined from measure-
ments of reversal potentials of junctional currents with patch
pipettes that contained different salt solutions on each side of
the junction (150 mM NaCl in one pipette and 50 mM NaCl in
the second pipette). Selectivity of Cx43 gap junctions was also
measured for comparison. Erev values of Cx46 and Cx50 junc-
tional currents were �17 and �12 mV, respectively, yielding
PNa/PCl values of 5:1 for Cx46 (n � 3) and 3:1 for Cx50 (n � 4)
(Fig. 2C). The PNa/PCl value for Cx46 gap junctions is in agree-
ment with the PK/PCl value of �8 found by Trexler et al. (32), if
one takes into account the lower aqueous mobility of Na� ions
compared with K� ions. Cx43 gap junction channels showed no
selectivity between Na� and Cl� (Erev �0 mV), also consistent
with previous studies which indicate that Cx43 forms nonselec-
tive gap junction channels (32).

The permeability of the larger GSH anion relative to Na� was
similarly determined from reversal potential measurements.
Recordings of Cx46 and Cx50 hemichannel currents in 1:1 and
4:1 NaGSH gradients are shown in Fig. 3, A and B, respectively.
In the examples shown in Fig. 3, potentials at which Cx46 and
Cx50 hemichannel currents reversed polarity were �26 and
�24 mV, respectively. The PNa/PGSH values calculated from
recordings of reversal potentials from multiple patches were
�11 for Cx46 (n � 6) and 8 (n � 4) for Cx50 hemichannels (Fig.
3C), indicating a lower permeability of the larger GSH anion
compared with Cl�. GSH permeability of Cx46 and Cx50 gap
junctions was similarly low in magnitude, with PNa/PGSH values
ranging from 8.4 for Cx50 to 12 for Cx46 (Fig. 3B). The mean
Erev values were 21.9 � 1.5 for Cx46 (n � 4) and 20.1 � 1.2 for
Cx50 (n � 5), significantly different from the Na� equilibrium
potential (p � 0.05). In comparison, Cx43 gap junctions, which
are known to allow the passage of GSH (33), exhibited a rela-
tively high permeability to the antioxidant molecule (PNa/PGSH
of 3). These results indicate that both Cx46 and Cx50 are per-
meable to anionic GSH. Specifically, the finding that gap junc-
tions formed by Cx46, which provides the majority of the cou-
pling in mature fiber cells, are permeable to GSH indicates that
diffusion of the anti-oxidant could occur from the lens outer
cortex (region of high concentration) to the nucleus.

We also determined whether Cx46 and Cx50 gap junctions
allow the passage of oxidized glutathione, GSSG, a divalent
anion at pH 7.4. Fig. 4 shows junctional currents obtained from
cell pairs expressing Cx46 and Cx50 in a 3:1 gradient of
Na2GSSG. Voltage pulses were applied to the cell containing
the higher salt concentration. Single channel current rectified
with the larger current when the cell containing the higher salt
concentration was made positive. Measured reversal potentials
for Cx46 and Cx50 junctions were close to the Na� equilibrium

potential (�28 mV) under these conditions, suggesting a very
low permeability to GSSG. The mean Erev values were 26.4 �
2.5 for Cx46 (n � 3) and 27.2 � 1.9 for Cx50 (n � 3). Permeation
of GSSG in Cx46 and Cx50 hemichannels, measured using
larger 4:1 gradients, was also extremely low (data not shown).

GSH Levels in the Lens Nucleus Are Markedly Reduced in the
Absence of Cx46 —The electrophysiological measurements
indicated that Cx46 gap junctions permit the passage of GSH.
Thus, it is likely that GSH levels in the lens core are dependent
on the presence of Cx46. To determine the importance of the in
vitro measurements of GSH permeability in vivo, we measured
the levels of the anti-oxidant in lenses obtained from connexin
knock-out (KO) mice. We initially measured GSH levels in
Cx46 KO and Cx50 KO lenses obtained from mice at 6 months
of age. GSH levels in whole lens homogenates obtained from
Cx50 KO were similar to those found in wild type (data not
shown). In contrast, the absence of Cx46 caused a significant
reduction in GSH content by �45% (data not shown). Because
Cx46 provides the majority of the coupling of inner fiber cells,
we determined whether this reduction of GSH in Cx46 KO
occurred specifically in the nucleus. Lenses were separated into
two fractions, with one fraction containing the nucleus and the
other consisting of the outer cortex and epithelium. The
amount of GSH normalized to wet weight in the two fractions
was measured and is shown in Fig. 5. In WT lenses, the GSH
content was high in the cortical fraction, but much lower in the
nucleus, confirming the existence of a regional difference in
GSH levels (Fig. 5). The absence of Cx46 or Cx50 did not sig-
nificantly affect GSH levels in the cortex (Fig. 5A). In contrast,
as shown in Fig. 5B, GSH levels were significantly reduced in the
nuclear fraction of lenses obtained from Cx46 KO mice (p �
0.05). The reduction amounted to �96% on average (0.95 � 0.1
�mol/g wet weight in WT lenses (n � 5) to 0.03 � 0.01 �mol/g
wet weight in Cx46 KO (n � 5)). Knock-out of Cx50 did not
significantly affect GSH levels in the nucleus (p � 0.05). Our
studies used mice in the C57 black background in which genetic
ablation of Cx46 causes a mild cataract even at 6 months of age.
Thus, these biochemical experiments are unlikely to be affected
by the presence of cataracts. Nevertheless, we measured GSH

FIGURE 4. Permeation of GSSG in Cx46 and Cx50 gap junction channels is
extremely low. Recordings of Cx46 (left) and Cx50 (right) junctional currents
from cell pairs in which one patch pipette contained 150 mM Na2GSSG and
the other 50 mM Na2GSSG. Junctional currents were elicited by the applica-
tion of voltage ramps to the cell containing 150 mM Na2GSSG. Junctional
current was rectified with more current at positive voltage pulses. Reversal
potentials of the Cx46 and Cx50 junctional currents were close to the equilib-
rium potential for Na� suggesting extremely low GSSG permeability. Similar
results were obtained from three cell pairs.
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levels in Cx46 KO mice at 1 and 4 months of age. As shown in
Fig. 5C, substantial reductions in GSH levels were found at
these earlier time points (Fig. 5C). In 1-month-old lenses, GSH
levels decreased by 52 � 4% (n � 4). By 4 months of age, the
decrease amounted to 78 � 5% (n � 6). These results provide a
unique role for Cx46 gap junctions in the maintenance of ade-
quate GSH levels in the nucleus.

Contribution of the Extracellular Pathway for Maintenance of
GSH Levels in the Nucleus—We measured the contribution of
the lens circulation to intracellular GSH levels by inhibiting
Na�-K�-ATPase, which ultimately drives the circulating cur-
rent. Previous studies showed that inhibition of the Na�-K�-
ATPase by ouabain or by replacement of extracellular Na� with
K� significantly reduced the lens hydrostatic pressure and dis-
rupted the lens circulation (16). WT whole lenses were incu-
bated for 3 h in artificial aqueous humor (AAH control) and in
AAH containing 1 mM ouabain or in sodium-free AAH, and
GSH content was measured in cortical and nuclear fractions of
lenses. As shown in Fig. 6A, cortical GSH levels remained unaf-
fected by the inhibition of the Na�-K� ATPase. In the nuclear
fraction of lenses incubated with ouabain, the GSH content was
�35% higher than the values found in control lenses (0.40 �
0.005 �mol/g wet weight; n � 4 in ouabain versus 0.29 � 0.003
�mol/g wet weight; n � 4 in control; p � 0.05). Similar changes
were observed in lenses (n � 4) incubated in Na�-free condi-
tions (Fig. 6B). These results indicate that the contribution of
the extracellular pathway to GSH delivery to the nucleus is
minimal.

Modeling the GSH Concentration in the Lens—We modeled
the radial distribution of GSH in the lens taking into account
that GSH diffusion is influenced by the concentration gradient,
the voltage gradient (conduction), and the hydrostatic pressure
gradient (advection). Any intracellular membrane-impermeant
solute that is synthesized at some specific location within the
lens (like GSH synthesis in surface cells) will diffuse away from
the site of synthesis at a rate that depends on the rate of synthe-
sis. If the rate of synthesis is relatively slow, then conduction
and advection may significantly alter the diffusion gradient.
However, for GSH the rate of synthesis in surface cells is rela-
tively high, and the diffusion gradient is not appreciably
affected by either conduction or advection. The consumption
rates of GSH in the different regions of the lens are unknown.

Therefore, we initially modeled the diffusion of GSH assuming
that consumption rates are uniform throughout the lens. Fig.
7A shows the GSH concentration profile from the periphery to
the center using the uniform consumption model calculation
(supplemental Equations 21–25). Calculation of the GSH con-
centration gradient due to diffusion only (the G0 solution in

FIGURE 5. Cx46 is essential for the maintenance of adequate levels of GSH in the lens nucleus. A and B, amount of GSH normalized to wet weight in the
cortical (A) and nuclear (B) fraction of lenses obtained from wild type (WT), Cx46 knock-out (Cx46KO), and Cx50 knock-out (Cx50KO) are shown. In WT lenses, GSH
levels were high in the cortical fraction but much lower in the nucleus. The absence of Cx46 or Cx50 did not significantly affect GSH levels in the cortex. In
comparison, knock-out of Cx46 but not Cx50 caused a robust reduction in GSH levels in the nuclear fraction. Values represent means � S.E. from five lenses each
obtained from wild type, Cx46 KO, and Cx50 KO mice. C, decrease in GSH in C, 4, and 6 months (mo) of age. Substantial reductions in GSH levels were found in
the nuclear fraction but not the cortical fraction of Cx46 KO lenses at all developmental time points. N values are given in the text.

FIGURE 6. Contribution of the lens circulation to the delivery of GSH to the
nucleus is minor. A and B, amount of GSH normalized to wet weight in the
cortical (A) and nuclear (B) fraction of wild type lenses incubated with inhibi-
tors of the Na�-K�-ATPase that drives the lens circulation. Na�-K�-ATPase
was inhibited either with ouabain (1 mM) or by completely replacing Na� in
the external AAH solution with K�. Disruption of the lens circulation did not
reduce GSH levels in the cortical or the nuclear fraction. Ouabain and Na�-
free AAH caused a slight increase in GSH levels in the nucleus. Values repre-
sent means � S.E. from four lenses in each condition.
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supplemental material) is plotted with the equation that
includes both conduction and advection (the G(0) � �G(1) solu-
tion in the supplemental material). The two curves essentially
superimpose, indicating that conduction and advection are
negligible in this diffusion dominated system.

The steep decline in GSH concentration in the outer cortex
implies a high rate of consumption; however, a large consump-
tion in central fiber cells will cause the GSH concentration to
decline to zero about 500 �m from the surface. This is incon-
sistent with previous studies that show that GSH levels in the
core are low, but non-zero (1, 2, 5, 7). For example, mapping of

GSH levels using anti-GSH antibodies indicated that the levels
of GSH and its precursor amino acids were high in the outer
cortex and declined to a non-zero level �500 �m from the
periphery (5). In the core, the mapping studies actually showed
a slight increase in GSH levels compared with the levels in the
inner cortex (see plot in blue in Fig. 7C, which shows data
adapted from Fig. 3A of Lim et al. (5)). One possible reason for
the difference between the model and the studies by Lim et al.
(5) is that the rate of consumption is not uniform, but instead it
declines to a lower rate in central fibers. Under these condi-
tions, the GSH concentration would be expected to be non-
zero. Another possibility is that there is small residual de novo
synthesis or uptake of GSH in all fiber cells. To distinguish
between these possibilities, we constructed two additional
models, one in which the central consumption was assumed to
be zero and the other in which de novo synthesis or uptake
occurs in central fiber cells at a low rate (see supplemental
material). These models approximated the radial GSH profile
(Fig. 7B) but did not fit the slight increase in GSH seen by Lim et
al. (5) in the nucleus (see Fig. 7C).

To fit the data of Lim et al. (5), we ultimately had to combine
both models, i.e. a major reduction in GSH consumption in the
central fibers along with some residual synthesis or uptake of
GSH in all fiber cells (Fig. 7C, plot in red). GSH that is synthe-
sized in the central cells is not consumed, so it diffuses back
toward more peripheral fiber cells where a higher rate of con-
sumption is occurring. This creates the negative slope in GSH
concentration between r � 0 and r � 0.11 cm.

DISCUSSION

In this study, we showed that Cx46 and Cx50 channels are
permeable to GSH. Thus, GSH is expected to passively diffuse
from the outer cortex, where a high concentration is estab-
lished by the synthesis (3, 4) and/or uptake by specific trans-
porters (34, 35), to the nucleus. The difference in the membrane
potentials of the outer and inner fiber cells also favors diffusion.
Intracellular water flow from the lens center to surface opposes
diffusion, but as shown in our model calculations below, the
contribution of the voltage or advection is small in the presence
of a large concentration gradient. Consistent with diffusion
occurring via a gap junctional pathway, we found that deletion
of Cx46, the connexin isoform that provides bulk of the cou-
pling between fiber cells in the core, led to a marked and selec-
tive decrease in GSH levels in the lens core. This reduction was
not due to a disruption of the lens circulation, because blocking
the lens circulation independently by inhibiting the Na�-K�-
ATPase had an opposite effect on GSH levels in the nucleus.
These results indicate that delivery of GSH to the nucleus is
dependent on the presence of Cx46 gap junctions.

Permeation of GSH and GSSG—GSH is a low molecular
metabolite with dimensions �14 	 3 	 5 Å, within the size
exclusion limit of the connexin channel pore (36). Direct assess-
ments of charge selectivity indicated that the channels formed
by the three connexin isoforms expressed in the lens display
distinct differences in permeability to GSH and to the smaller
Cl�. Intercellular channels formed by Cx43 showed little
charge selectivity and were highly permeable to GSH, consis-
tent with previous studies that indicate Cx43 channels are per-

FIGURE 7. Different models of GSH diffusion compared with experimen-
tal data (Lim et al. (5)). A, overplot of model calculations based on the full
model in red (G(0) � �G(1)) given in supplemental Equations 17 and 21, over-
plotted with a model of diffusion only in blue (G(0)) given in supplemental
Equation 17. The two models differ by less than a line width in this diffusion
dominated system, so the correction �G(1) is ignored in the other panels. B, an
overplot of two new models for diffusion of GSH that does not go to zero
in central fiber cells. In one model (red), there is assumed to be no consump-
tion of GSH in fiber cells farther into the lens than a � r � 0.05 cm. In the other
model (blue), there is assumed to be residual de novo synthesis of GSH in all
fiber cells. C, third new model for diffusion of GSH. In this model (red), there is
assumed to be no consumption of GSH in fiber cells farther into the lens than
a � r � 0.05 cm, and there is assumed to be residual de novo synthesis of GSH
in all fiber cells. The plot from model calculations overlaps closely with exper-
imental data obtained by Lim et al. (5) on the diffusion gradient for GSH in a rat
lens (blue). The data plot shown in blue was adapted from Fig. 3A of Lim et al.
(5).
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meable to a variety of endogenous metabolites, including ATP,
and to a range of large anionic tracer molecules containing one
or more negative charges (e.g. Lucifer yellow and calcein) (37,
38). In contrast, gap junctions and hemichannels formed by
lens fiber cell connexins were 3–5-fold selective for Na� over
Cl�. The charge selectivity in Cx46 has been ascribed to the
presence of fixed negative charges in the first extracellular loop
(32), causing cations to partition into the channel and anions to
partition out. A negative charge on the interior channel wall is
also likely to be responsible for the higher cation selectivity of
Cx50. The degree of rectification of single Cx46 and Cx50
hemichannel currents is similar (27, 32). In addition, Cx50
shares a significant sequence homology to Cx46 in the extracel-
lular loops. The larger GSH anion was 8 –12-fold less permeant
than Na�. The lower selectivity of GSH anion compared with
Cl� presumably reflects the influence of both surface charge
effects and size exclusion effects.

GSH participates in multiple enzymatic reactions in the lens.
GSSG formed in these reactions is regenerated to GSH by the
enzymatic action of glutathione reductase, whose activity is
high in the outer cortex (3, 4). But the activity of glutathione
reductase is much lower in central fiber cells (3, 4). Thus, GSSG
formed in inner fiber cells is believed to diffuse back to the
periphery where it can be reduced to regenerate GSH. How-
ever, GSSG permeation through fiber cell gap junction chan-
nels was not detectable in our studies. Although it is possible
that gap junctions may allow diffusion of the divalent ion to the
periphery from the center because the coupling conductance of
fiber cells is typically very high, other pathways for GSSG efflux/
breakdown might operate in the lens. Cell-cell diffusion of mol-
ecules in the lens may also be mediated by membrane fusions
between adjacent fiber cells (39, 40). Unlike gap junction chan-
nels, which exclude molecules above 1 kDa, membrane fusions
can allow the diffusion of very large molecules such as green
fluorescent protein (GFP) and Alexa 488 conjugated to dextran
between adjacent cells (39, 40). These fusions have been iden-
tified in adult lenses from several species, including humans
and rodents, and require the presence of Lim2 (also known as
MP20) (41). However, these fusions appear to occur between
fibers in concentric spherical shells and do not provide a con-
tinuous path from the lens center to the surface (37). Whether
GSSG efflux to surface cells occurs through cell-cell fusions,
gap junctions or an alternative mechanism requires additional
studies.

Cx46 and the Age-dependent Decrease in GSH Levels in the
Lens Nucleus—The decrease in GSH levels in the aging lens has
been attributed to a number of factors, including reduced activ-
ity of enzymes involved in GSH synthesis (4). However, this
reduction does not appear to be sufficient to account for the
marked age-dependent decline in GSH levels in the lens core
(19). For example, in advanced stages of cataract when GSH
levels in the nucleus decline significantly, the anti-oxidant lev-
els remain sufficiently high in the outer cortex (42). A barrier to
the diffusion of GSH was shown to develop with age (19).
Although the molecular substrate of the barrier was not explic-
itly defined, alterations in the conductance and permeability
properties of Cx46 gap junctions may explain why GSH diffu-
sion is slowed with aging. In the young lens, the low GSH per-

meability through Cx46 channels is offset by the high levels of
coupling conductance (average of 0.5 siemens/cm2) (14) in the
lens core, allowing adequate levels of the anti-oxidant to be
delivered to the central fiber cells. But with aging, coupling
conductance decreases by �70% in the inner cortex and
nucleus (43). This reduction in coupling, in combination with
the diminished efficiency of GSH synthesis in the outer cortex,
is expected to significantly limit GSH diffusion from the outer
cortex to the central cells. What causes the reduction in cou-
pling is not known, but recent studies show that Cx46 under-
goes a number of post-translational modifications, including
truncations in the N terminus and cytoplasmic loop of the pro-
tein, which are likely to cause channels to be nonfunctional (44).

Summary of Modeling Results—Modeling of biological data
can never be exact, so one tries to identify the essential physical
processes that are affecting the data. There is clearly diffusion of
intracellular GSH toward the center of the lens from its site of
synthesis in surface cells, and GSH is clearly being consumed as
it diffuses into the lens. These conclusions can explain the data
from fiber cells in the outer cortex; however, they are not suffi-
cient to describe the data from central fiber cells. To fit those
data, we ultimately had to postulate a major reduction in GSH
consumption in central fibers along with some residual synthe-
sis or uptake of GSH in all fiber cells. Lim et al. (5) were unable
to detect membrane transporters for GSH in fiber cells; how-
ever, they did report uptake of some precursors to synthesis.
Therefore, de novo synthesis appears to be the most likely cause
of the small negative slope in the central concentration of GSH.
The rate of synthesis used for the graph in Fig. 7C was 29 nM/s,
so it is indeed quite small yet capable of generating about a 2 mM

gradient from the center (r � 0) to fiber cells at r � 0.11 cm; this
gradient is generated in the absence of consumption. In con-
trast, the rate of synthesis in the lens epithelium can be esti-
mated from the slope of the peripheral concentration gradient;
it is about 92 �M/s or some 3000 times greater than synthesis in
central cells. These are the essential physical processes that
have been identified through modeling as necessary to explain
the data of Lim et al. (5) in Fig. 7C.

In summary, our results demonstrate an important role for
gap junction channels in the delivery of glutathione in the lens.
The decline in GSH levels in the lens nucleus that occurs with
aging is considered to be a key initiating factor in the formation
of senile cataracts. The involvement of gap junctions in this
age-dependent reduction of GSH may lead to identification of
new therapeutic strategies (e.g. modulation of intercellular
communication) for delaying the progression of age-related
nuclear cataracts.
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