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Abstract. We have developed a simple dye transfer
method, which allows the gap junction permeability of
lens fiber cells to be quantified. Two fixable fluorescent
dyes (Lucifer yellow and rhodamine-dextran) were in-
troduced into peripheral lens fiber cells via mechanical
damage induced by removing the lens capsule. After a
defined incubation period, lenses were fixed, sectioned,
and the distribution of the dye recorded using confocal
microscopy. Rhodamine-dextran and Lucifer yellow
both labeled the extracellular space between fiber cells
and the cytoplasm of fiber cells that had been damaged
by capsule removal. For the gap junctional permeable
dye Lucifer yellow, however, labeling was not confined
to the damaged cells and exhibited intercellular diffusion
away from the damaged cells. The extent of dye diffu-
sion was quantified by collecting radial dye intensity
profiles from the confocal images. Effective diffusion
coefficients (Deff) for Lucifer yellow were then calcu-
lated by fitting the profiles to a series of model equations,
which describe radial diffusion in a sphere.Deff is the
combination of dye diffusion through the cytoplasm and
through gap junction channels. To calculate the gap
junctional permeability (Pj) an estimate of the cytoplas-
mic diffusion coefficient (Dcyt 4 0.7 × 10−6 cm2/sec)
was obtained by observing the time course of dye diffu-
sion in isolated elongated fiber cells loaded with Lucifer
yellow via a patch pipette. Using this approach, we have
obtained a value forPj of 31 × 10−5 cm/sec for fiber-fiber
gap junctions. This value is significantly larger than the
value of Pj of 4.4 × 10−6 cm/sec reported by Rae and
coworkers for epithelial-fiber junctions (Rae et al., 1996.
J. Membrane Biol.150:89–103), and most likely reflects
the high abundance of gap junctions between lens fiber
cells.
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Introduction

Traditionally, intracellular injection of fluorescent dyes
has been used to establish whether cells can communi-
cate via gap junction channels (Loewenstein, 1981).
Dye injection is a relatively easy method to perform and
has been used to estimate a molecular cutoff for gap
junction channel pore size (Flagg-Newton, Simpson &
Loewenstein, 1979). More recently, the development of
the highly sensitive double whole-cell patch-clamp tech-
nique (Neyton & Trautmann, 1985; Veenstra & DeHaan,
1986) has allowed measurements of single channel con-
ductances and voltage sensitivities for different isoforms
of the gap junction proteins, the connexins (Werner,
1998). These electrical properties provide a useful fin-
gerprint for the identification of distinct connexin iso-
forms in different tissues but it is now widely considered
that the permeability properties of connexins are more
important for tissue function, especially in the case of
nonexcitable cells. Unfortunately, while it has been
shown that different connexin isoforms exhibit differen-
tial permselectivities (Elfgang et al., 1995; Brink, 1996;
Veenstra, 1996), data on absolute permeability values for
gap junctional membranes are scarce. Hence, there is a
growing interest in systems where gap junction perme-
ability can be quantified.

The ocular lens presents itself as a suitable sys-
tem. The bulk of the lens consists of highly differenti-
ated elongated fiber cells that are tightly packed in a
quasi-crystalline arrangement (Rafferty, 1985) and are
extensively coupled by gap junctions (Donaldson et al.,
1995; Mathias, Rae & Baldo, 1997). The cortical fiber
cells are particularly rich in gap junction structures
which contain two connexins, connexin46 (a3) and con-Correspondence to:P. Donaldson
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nexin50 (a8) (Kistler, Christie & Bullivant, 1988; Paul et
al., 1991; White et al., 1992) which are both essential for
the normal function of the lens (Gong et al., 1997; White,
Goodenough & Paul, 1998). This is due to the fact that
the lens is an avascular tissue and, therefore, relies on
intercellular communication via gap junctions to provide
a pathway for nutrient uptake and waste product re-
moval.

This abundance of gap junctions connecting the fi-
ber cells and their highly regular arrangement make the
lens an ideal tissue to study gap junctional permeability
with fluorescent tracers. Indeed, injection of tracer dyes
into single fiber cells of the lens has been used to dem-
onstrate intercellular communication (Schuetze & Good-
enough, 1982; Prescott et al., 1994). This approach can-
not, however, be used to quantitate junctional permeabil-
ity since the microelectrode delivers inadequate amounts
of dye relative to the large volume of the injected fiber
cell. The amount of tracer that can pass into neighboring
cells is, therefore, very low and specialized imaging
equipment and analysis procedures have to be employed
to raise the fluorescence signal above the signal-to-noise
ratio (Rae et al., 1996). As an alternative solution to
avoid the technical problems associated with microinjec-
tion we have developed a simple bulk loading method for
measuring intercellular dye transfer in the lens. Our
method is an adaptation of the scrape-loading technique
successfully used to visualize dye transfer in cell mono-
layers (el-Fouly, Trosko & Chang, 1987). This method
uses two fixable fluorescent dyes of different molecular
weight as markers for cell loading and diffusion through
gap junctions. The high molecular weight dye rhoda-
mine-dextran (MW 10,000) is impermeable through gap
junctions and, therefore, identifies the cells that have
initially been loaded with tracer. The low molecular
weight dye Lucifer yellow (MW 457) is gap junction
permeable and acts as a tracer for diffusion through gap
junction channels. Both dyes are loaded into the lens by
mechanical damage inflicted by removal of the lens cap-
sule. By fitting appropriate diffusion models to the in-
tensity distribution of the Lucifer yellow fluorescence,
we were then able to determine a value for the absolute
permeability of the gap junctions that connect the fiber
cells in the lens cortex.

Materials and Methods

ISOLATION OF LENS FIBER CELL BUNDLES

Rat lens fiber cell bundles were isolated as previously described (Eck-
ert, Donaldson & Kistler, 1998). Briefly, 3–5-day-old neonate Wistar
rats were killed by decapitation and the eyes were removed. Eyeballs
were placed in a Ca2+-free Ringer’s solution (in mM): 147 NaCl, 4.7
KCl, 2 MgCl2, 5 glucose, 10 HEPES, pH 7.4, and the lenses extracted
through a posterior opening. Following incubation in Ca2+-free Ringer

for 30 min, the lenses were further dissected and the capsule and the
lens nucleus were removed using sharpened forceps. The cortical fiber
cell portions of six lenses were pooled in an Eppendorf tube with 500
mL of dissociation solution (SEH in mM): 280 sucrose, 10 Na2EDTA,
10 HEPES, and 2.5 mg/mL trypsin, pH 7.4, and incubated for 25 min
at 37°C. The trypsin reaction was stopped by addition of an equal
volume of newborn calf serum and the cells were spun down at 1,000
rpm and resuspended in 1 mL EDTA-Ringer’s solution (in mM): 100
NaCl, 4.7 KCl, 1 MgCl2, 25 glucose, 60 mannitol, 10 EDTA, 10
HEPES, pH 7.4). The cell suspension was washed with EDTA-
Ringer’s, resuspended in a final volume of 500mL EDTA-Ringer’s
saturated with halothane and maintained at 37°C.

DYE DIFFUSION IN ISOLATED FIBER CELL BUNDLES

For intracellular dye diffusion measurements, isolated fiber cell
bundles were spread on the glass bottom of a recording chamber and
left to adhere for 5 to 10 min before filling the chamber with EDTA-
Ringer’s solution. The chamber was then placed onto the stage of an
inverted microscope (IM35, Zeiss, Oberkochen, Germany) equipped
with phase contrast and epifluorescence optics. Patch pipettes were
pulled from borosilicate glass capillaries (Clark Biomedical, Pangbou-
rune, UK) to a final resistance of 2–5MV using a Brown-Flaming type
horizontal pipette puller (P-97, Sutter Instrument) and backfilled with
a 0.5% (w/v) Lucifer yellow CH in lithium chloride pipette solution (in
mM): 140 LiCl, MgCl2, 10 K2EGTA, 10 HEPES, pH 7.4). Standard
whole-cell recording techniques (Marty & Neher, 1983) were used to
perfuse a single fiber cell of a bundle with the dye solution.

To prevent loss of dye into the neighboring cells, fiber cells were
kept in EDTA Ringer’s solution saturated with halothane for about 10
min before initiating the experiments. A series of 15 fluorescence im-
ages were captured at 10-sec intervals with a cooled CCD camera
(ImagePoint, Photometrics) and the image acquisition program V
(Digital Optics, Auckland, New Zealand). The first image of a se-
quence was always taken before membrane break-in to obtain a well
defined starting point for the time series. No iontophoretic current was
used in these experiments.

WHOLE LENS DYE LOADING PROTOCOLS

Wistar rats (200–350 g) were killed by CO2 asphyxiation and the lenses
were extracted from the eye. Lenses were placed in phosphate buffered
saline (Ca2+/Mg2+ free PBS (in mM): 137 NaCl, 2.7 KCl, 9.2 Na2HPO4,
1.2 KH2PO4, pH 7.3), and maintained at room temperature. For whole
lens dye transfer studies the capsule and the underlying epithelium
were removed. Lenses were placed under a dissecting microscope, and
a small tear was made in the posterior surface of the capsule. Specially
sharpened forceps were used to peel off the capsule from the lens.
Each lens was then transferred to an individual well molded from
sylgard, which was filled with 60mL of tracer dye solution (2.5 mg/mL
of rhodamine conjugated dextran and Lucifer yellow in Ca2+/Mg2+ free
PBS). After dye loading for the specified times (5, 10, 20, or 30 min),
lenses were rapidly washed in 2 mL of Ca2+/Mg2+ free PBS, and then
immediately fixed in 25% Karnovsky’s solution (0.05M Na cacodylate,
1% paraformaldehyde, 1.25% glutaraldehyde) in PBS for 4 h. Intra-
cellular pH was lowered by preincubating lenses in Ca2+/Mg2+ free
PBS saturated with 100% CO2 (pH 4 6.3) for 10 min before incuba-
tion in dye loading solution, which was also presaturated with 100%
CO2. Halothane was administered by preincubating lenses in a PBS
solution for 10 min which was continually bubbled (flow rate 1 L/min)
with a mixture of 5% halothane and 95% O2 as a
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carrier gas. Dye loading was performed in the continued presence of
halothane for a further 10 min before fixation.

LENS SECTIONING AND CONFOCAL MICROSCOPY

Fixed lenses were superglued to a Vibratome holder and embedded in
10% agarose for added stability. Equatorial sections were cut with a
thickness of 200mm using a Vibratome. Sections were mounted on
glass microscope slides and dye distribution was visualized by confocal
microscopy. Only equatorial sections, which exhibited the flat hexago-
nal cross-profile characteristic of fiber cells, were used for analysis of
radial dye diffusion in the lens. Specimens were viewed using a Leica
TCS 4D confocal laser-scanning microscope fitted with an ar-
gon/krypton mixed gas laser. Either a 5× dry 0.12 N.A., 25× oil, 0.75
N.A. or 63× oil, 1.4 N.A. objective lens was used. Appropriate filter
sets were used to discriminate between the Lucifer yellow
(Ex488/OG515) and rhodamine-dextran (Ex568/OG590) light emis-
sions. Initially, the pinhole and photomultiplier tube voltage settings of
the confocal microscope were varied to determine optimal levels for
minimal slice thickness, resolution, and dye intensity. In subsequent
experiments a constant pinhole was used and the photomultiplier volt-
age was varied so that the image collected utilized the full dynamic
range of the imaging system. All images were collected separately and
stored on the hard disk until further processing.

IMAGE ANALYSIS AND QUANTIFICATION OF

DYE DIFFUSION

Stored images were analyzed offline using UTSCSA ImageTool 2.0a.
To estimate cytoplasmic dye diffusion in single fiber cells, consecutive
images of a time sequence were ordered into an image stack. Intensity
profiles were then taken along the length of the perfused fiber cell for
all images in the time sequence. The profiles were then stored as a text
file for further analysis. To estimate radial dye diffusion in whole
lenses, Lucifer yellow and rhodamine-dextran images collected from an
equatorial section were aligned and overlaid into an image stack. In
each of these images, intensity profiles were taken through the cyto-
plasm of a column of fiber cells at a direction perpendicular to the
broad sides of the fiber cells. This was done to minimize the contri-
bution of extracellular dye to the intensity profile. Rhodamine-dextran
intensity profiles were used to define the extent of the dye-loading
zone. From each set of images, five intensity profiles were taken from
different regions where the loading zone for rhodamine-dextran was
sharply defined. These intensity profiles were averaged and then saved
as text files for further analysis. All profiles were scaled to their correct
length using the built-in spatial calibration facility of UTSCSA Image-
Tool.

DIFFUSION PROFILE ANALYSIS

At low concentration of the fluorescent dye fluorescence intensity is
linearly related to dye concentration (Taylor & Salmon, 1989). For
Lucifer yellow fluorescence quenching, which would abolish this linear
relationship, occurs only at concentrations above 2 mM (Brink & Ra-
manan, 1985). The expected cytoplasmic dye concentration after fixa-
tion is well below this threshold, therefore, the Lucifer yellow intensity
profiles can be directly used to measure the extent of dye diffusion that
occurs prior to lens fixation. Intensity profiles for individual lenses
were imported into the graphics package Microcal Origin 4.1. Profile
data were normalized and the mean and standard deviation of the
intensity profile for each lens calculated. Model equations as detailed

in the theory section below were then fitted to the calculated mean
intensity profiles to estimate the effective diffusion coefficientDeff for
radial dye transfer orDcyt for cytoplasmic diffusion. The presence of
background fluorescence was accounted for either by background sub-
traction, or by the introduction of a constant offset term into the for-
mulae used for curve fitting. Diffusion coefficients were entered into
the statistical analysis package SPSS for Windows 6.1.3. The data
were grouped into treatment groups and tested for normal distribution
using the Kolmogorov-Smirnov Goodness of Fit test. Mean diffusion
coefficients and standard deviations were calculated for each group.
ANOVA was used to determine whether treatment groups were sig-
nificantly different at theP < 0.05 level.

MODELING OF DIFFUSION PROFILES IN THELENS

To model radial diffusion in the whole lens and longitudinal diffusion
in an isolated fiber cell we have used the spreadsheet program (Micro-
soft Excel) to implement the finite difference solution of the diffusion
equation (Press et al., 1992) as described in the Appendix. Due to the
limitation of the spreadsheet solution only the explicit Foreward Time
Centered Space (FTCS) differencing scheme was used, which is only
stable for small time incrementsDt < (Dx)2/(2D). MS-Excel spread-
sheets containing the time evolution of the tracer concentration were
directly imported into the graphics program (Origin 4.1) and subjected
to the same fitting procedures as the respective experimental data.

Theory

TRACER DIFFUSION IN WHOLE LENSES

For the derivation of analytical solutions of the diffusion equation for
dye concentration profiles in the lens we assume that the lens is an ideal
sphere, which is surrounded by a large volume of dye, so that during
the course of the dye loading the concentration of dye in the exterior
space does not change. Initially, the lens contains no intrinsic dye, so
background fluorescence will be minimal and constant within the total
volume of the lens. Thus we can write the diffusion equation for
spherical coordinates
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Neglecting transport in angular direction, this becomes
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For large radius of the lensr (flat curvature at the lens surface), the
second term becomes negligible, and the problem reduces to the con-
ventional one-dimensional diffusion problem

C

t
= D

2C

r2
. (Eq. 3)

which can be solved analytically for a number of initial and boundary
conditions. Specifically, we were interested in solutions for two dis-
tinct scenarios. The first scenario assumes that the dye is constantly
supplied from the periphery of the lens, that is

C(0,t) 4 C0 |t > 0 (Eq. 4)
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This has the solution (Crank, 1975)

C~x,t! = C0 erfc
x

2=Dt
(Eq. 5)

Note, that we have changed the spatial variable tox, which now runs in
opposite direction withx 4 0 denoting the outer border of the lens, and

x 4 R at lens center (seeFig. 1A). A simulation of the time course for
the intensity distribution of a tracer dye through the peripheral part of
the lens is shown in Fig. 1B.

The second scenario assumes that a finite amount of dyeM0 is
initially distributed within the lens at a boundary layer of widthh, and
then allowed to diffuse inwards

C~x,t! =
1

2
C0SerfS ~h − x!

2=Dt
D + erfS ~h + x!

2=Dt
DD. (Eq. 6)

This also assumes, that the border atx 4 0 is a reflective boundary

C

x
= 0 Ux = 0

t $ 0
, (Eq. 7)

that is, loading occurs in a bolus fashion after which the outer surface
“reseals” and the dye is trapped within the lens volume. Note, that this
also implies that

*
0

R
Cdx= M0 ?t $ 0 (Eq. 8)

i.e., the total amount of tracer does not change over time. This can be
seen in a model simulation (Fig. 1C), where the maximum concentra-
tion (intensity) decreases over time as the dye distribution widens.
Note the typical sigmoidal shape of the distribution at longer diffusion
times. In contrast, for continuous loading, the distribution maintains
the maximal intensity level at the boundary, and the shape of the profile
is notably different. The model simulations show the tracer distribu-
tion in the outer 500mm of a spherical lens with 4 mm diameter.

In both models,D is the effective diffusion coefficient for the
combination of dye diffusion through the cytoplasm and permeation
through gap junction channels. This effective diffusion coefficientDeff

can be related to gap junctional permeabilityPj via (Ramanan & Brink,
1990)

1

Deff
=

1

Dcyt
+

1

dfiberPj

(Eq. 9)

Thus, given the cytoplasmic diffusion coefficientDcyt for the tracer and
the radial dimension of the fiber cellsdfiber (∼3 mm), it is possible to

  

  

<

Fig. 1. Modeling of gap junction tracer diffusion in the lens. (A)
Geometry of the rat lens. The equatorial sections used in the study
produce cross-sectional profiles of the fiber cells (seeplane of section).
The lens capsule and the anterior epithelium is removed during the dye
loading procedure. Note, that the radial coordinatex for the intensity
profiles is running from the periphery (x 4 0) to center of the lens (x
4 R). Typical diameters for lenses used in this study are around 5 mm.
(B) Tracer distribution for continuous loading from the periphery as-
suming a constant tracer concentration in the surrounding medium. (C)
Tracer distribution for discontinuous loading from the periphery (bolus
loading). This model assumes that the peripheral fiber cell membranes
regain their integrity such that only a fixed amount of tracer is incor-
porated into the cytoplasmic compartment. The profile sequences
shown represent the first 10 min of the time course for lenses with a
diameter of 4 mm. For clarity only the outer 500mm representing the
outer cortex are shown.
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estimate the junctional permeabilityPj from the effective diffusion
coefficientDeff as

Pj =
DeffDcyt

dfiber~Dcyt − Deff!
(Eq. 10)

TRACER DIFFUSION IN ISOLATED FIBER CELLS

For most of the intracellular dye diffusion experiments, the patch pi-
pette was sealed to one end of a single fiber cell (atx 4 0). Assuming
that the dye concentration in the pipette stays constant atCPip leads to
the boundary condition (equivalent to a surface evaporation condition)

−Dcyt

C~x,t!

t
= a~CPip − C~0,t!! (Eq. 11)

The solution for one-dimensional diffusion into a semi-infinite medium
is given as (Crank, 1975)

C~x,t! = CPip erfcS x
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D − e
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erfcS x
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=DcyttD Ut . 0

x . 0
, (Eq. 12)

wherea is a proportionality constant which has the units of a perme-
ability coefficient.

We can obtain the solution for the finite length fiber cell by
reflection at the boundaries atx 4 0 andx 4 l, is the length of the fiber
cell (Eq. 13)
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=DcyttD Ut . 0

0 , x , l
(Eq. 13)

Herea is the distance of the injection point from the left boundary of
the fiber cell atx 4 0. For smallt this series usually converges for
n ∼ 5.

Results

DYE DIFFUSION IN THE LENS CORTEX

We have loaded rhodamine-dextran and Lucifer yellow
into cortical fiber cells by the mechanical damage caused
by the removal of the lens capsule. We have used the
gap junction impermeable tracer rhodamine-dextran to
identify the point of entry for both dyes, whereas the low
molecular weight Lucifer yellow was used as a tracer for
gap junction mediated diffusion. The lenses were incu-
bated in the dye solutions for 5–30 minutes and subse-
quently processed for examination by confocal micros-
copy. Since we were interested only in radial diffusion,
we exclusively used equatorial sections for the assess-
ment of dye loading and movement.

As expected, intracellular rhodamine-dextran was
predominantly localized at the edge of the section con-
sistent with the loading of damaged cells from the pe-
riphery (Fig. 2A). Occasionally, rhodamine-dextran
fluorescence was also observed in cells at some distance
from the edge of the section, and they were surrounded
by nondamaged fiber cells. This loading pattern is con-
sistent with dye entry through lesions closer to the lens
poles and cytoplasmic diffusion of dye along the fiber
cell. Lens sections with this “double” loading pattern
were excluded from the analysis.

Extracellular rhodamine-dextran fluorescence was
regularly observed and can be detected up to a depth of
approximately 300mm into the lens. This is consistent
with previous reports, which documented tracer diffusion
in the extracellular space between the fiber cells from the
aqueous humor (Rae & Stacey, 1979).

Unlike rhodamine-dextran, Lucifer yellow fluores-
cence was not restricted to the damaged cells but exhib-
ited radial diffusion away from the peripheral loading
zone (Fig. 2B). While we occasionally observed dye dif-
fusion along distinct columns of fiber cells, more com-
monly Lucifer yellow was smoothly distributed and the
intensity attenuated gradually towards the lens center.
The intense cytoplasmic fluorescence obscured the pres-
ence of Lucifer yellow in the extracellular space. Nev-
ertheless, extracellular labeling was present and can be
observed when lenses are incubated in dye solutions
without decapsulation (data not shown). Lucifer yellow
fluorescence levels of extracellular labeling were gener-
ally low and negligible compared to the overall fluores-
cence in intracellularly labeled lens sections.

QUANTIFICATION OF DYE DIFFUSION

To facilitate quantitative comparison between individual
lenses, dye intensity profiles were taken exclusively from
equatorial sections. Since the width of the confocal pin-
hole determines the depth of the focal plane and the
degree of out-of-focus light entering the detector, the size
of the pinhole was held constant. A pinhole of 60, which
is equivalent to a focal depth of 3mm, was chosen as
optimal, and used in all experiments. Intensity profiles
were always taken through the center of a column of
fiber cells to minimize the contribution of extracellular
labeling (Fig. 2A andB). We then plotted the intensity
profiles against the radial distance from the outer bound-
ary (Fig. 2C). Rhodamine-dextran intensity profiles ex-
hibited a sharp dropoff in dye intensity, while Lucifer
yellow profiles characteristically displayed an initial ex-
tended shoulder of dye intensity, which then gradually
fell off towards the center of the section. The inner
boundary of the dye-loading zone was determined from
the rhodamine-dextran images and used to estimate the
width of the loading zone for the Lucifer yellow intensity
profiles.
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For comparison between different preparations, we
normalized profiles to their maximal intensity. The nor-
malization procedure removes variations in the absolute
magnitude of Lucifer yellow dye intensity between ex-
periments, which occur due to differences in dye loading,
section thickness and laser output voltage. However, in
images with low intensity, this also amplifies the contri-
bution of background fluorescence. While we tried to
exclude such images from the analysis, this was not al-
ways practicable. This background fluorescence was ac-
counted for either by background subtraction, or by in-
troducing a constant offset term into the formulae used
for curve fitting.

The resulting profiles principally fall into two cat-
egories corresponding to the two diffusion models out-
lined in the theory section. The profile shown in Fig. 3A
decreases quasi exponentially and closely resembles the
predicted distribution for the continuous loading model
(Fig. 3B). In two thirds of cases, we observed another
class of profiles, which is exemplified in Fig. 3C. These
profiles are characterized by their distinctly sigmoidal
shape as predicted by the bolus loading model. Note,
that in the model simulation (Fig. 3D), the maximum
intensity after 10 min is markedly decreased compared to
the initial distribution. While the initial dye distribution
should be roughly corresponding to the rhodamine dex-
tran distribution, this relationship is distorted by the nor-
malization of the Lucifer yellow profile in Fig. 3C.

These profiles have an interesting implication. We
have to assume that once the cells were loaded with dye,
their membranes either resealed or their gap junctions
closed. We usually decided which model was applicable
by visual inspection.

TRACER DIFFUSION IN ISOLATED FIBER CELLS

To calculate the gap junctional permeability of fiber cell
membranes from the effective diffusion coefficients, the
cytoplasmic diffusion coefficient within the fiber cells is
required. To achieve this we measured cytoplasmic dif-
fusion along the length of isolated fiber cell bundles.
The dye was perfused into a single cell of a bundle via a
patch pipette in the whole-cell configuration (Fig. 4).
Lateral dye spreading into neighboring cells was mini-
mized by blocking gap junction channels with halothane.

The profile shown in Fig. 4C was taken 140 sec after
the start of intracellular perfusion along the broken line
indicated in Fig. 4B. This rather long fiber cell bundle
(l > 500mm) was perfused approximately from the mid-
point and allowed the observation of dye movement over
long diffusion distances. The marked dropoff in inten-
sity in the region of the pipette tip is an artefact com-
monly observed in these profiles. It is probably caused
by absorption or scattering of fluorescent light by the
glass of the pipette tip. We then applied nonlinear curve

  
  

Fig. 2. Dye transfer in the lens cortex. Paired rhodamine-dextran (A)
and Lucifer yellow (B) images of an equatorial section through the
cortex of a decapsulated lens incubated in dye loading solution (Ca2+/
Mg2+ free PBS) for 10 min (scale bar4 50 mm). Intensity profiles
were taken along a line through the center of a column of fiber cells
(diagonal line) and plotted against the radial distance from the lens pe-
riphery (C).
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fitting to fit. Eq. 13 to line profiles. Only single profiles
at the end of the time sequence were used as the evalu-
ation of the summation in Eq. 13 proved to be compu-
tationally very expensive. Fitting of a single line profile
of about 40 points took on average about 7 min compu-
tation time on an IBM-PC equipped with a 100MHz
Pentium processor.

An example of the resulting fit is shown in Fig.
5A. This profile was fitted with a diffusion coefficient
Dcyt 4 (0.61 ± 0.06) × 10−6 cm2/sec and a “permeabil-
ity” of the pipette tip ofa 4 (28 ± 1) × 10−6 cm/sec.
While it was not practicable to fit the whole time series,
the parameter sets obtained from this profile adequately
describe the measured sequence as is shown in Fig. 5B
andC, where the lower panel shows a model simulation
of a time series with the parameters estimated from the
fit. The average cytoplasmic diffusion coefficient was
Dcyt 4 (0.7 ± 0.6) × 10−6 cm2/sec (n 4 13).

GAP JUNCTIONAL DYE PERMEABILITY IN CORTICAL

FIBER CELLS

From the analysis of 21 lenses we can estimate the av-
erage effective diffusion coefficient for Lucifer yellow in
the rat lens cortexDeff 4 (10 ± 14) × 10−8 cm2/sec
(n 4 21). With an average radial width of 3–4mm for
cortical fiber cells this translates into a gap junctional
permeabilityPj 4 (31 ± 27) × 10−5 cm/sec.

To further test the assumption of gap junction me-
diated tracer transfer and to estimate the range of modu-
lation, we used halothane to block gap junctional com-
munication in the lens cortex. These results are summa-
rized in Fig. 6. As can be seen in Fig. 6G–H, radial
intercellular diffusion of Lucifer yellow is significantly
reduced following exposure of the lenses to halothane as
compared to control conditions (Fig. 6A–C). Halothane
reduced the junctional permeability by almost a factor of
ten from 31 × 10−5 cm/sec to (4 ± 3) × 10−5 (n 4 8).
Intracellular acidification with CO2 also inhibits Lucifer
yellow spreading albeit to a lesser extent with a junc-
tional permeability of (8 ± 3) × 10−5 cm/sec. The results
are summarized in the Table. The estimated Lucifer yel-

>

Fig. 3. Analysis of radial diffusion profiles in whole lens sections. Two
classes of profiles corresponding to two diffusion models were ob-
served. The profile shown in (A) decreases quasi exponentially and
closely resembles the predicted distribution for the continuous loading
model (B). More prominently, we observed profiles with the distinctly
sigmoidal shape (C) predicted by the bolus loading model (D). The
intensity profile given in (A) was best fitted with Eq. 5, withDeff 4

(10.3 ± 0.5) × 10−8 cm2/sec (td 4 20 min). The profile (C) was fitted
with Eq. 6, withDeff 4 (5.1 ± 0.2) × 10−8 cm2/sec (td 4 10 min). The
width of the loading zone was taken as the width of the rhodamine
dextran intensity profile and was fixed toh 4 23 mm.
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low permeabilities for halothane and CO2-treated lenses
were compared to control lenses by 1-way ANOVA as-
suming a lognormal distribution. Using a 5% error cri-
terion (P # 0.05), halothane and CO2-treated lenses had
significantly lower permeability as compared to control
lenses confirming that dye diffusion is mediated by gap
junctions.

Fig. 5. Analysis of diffusion profiles in isolated fiber cells. The intensity
profile given in Fig. 4C was fitted with Eq. 13. The resulting parameters
were Dcyt 4 (0.61 ± 0.06) × 10−6 cm2/sec, anda 4 (28 ± 1) × 10−6

cm/sec. The diffusion time (td 4 140 sec), intensity at the pipette tip (IPip

4 CPip 4 160), fiber cell length (l 4 0.048 cm), and displacement of the
pipette tip (a 4 0.0223 cm) were taken by direct measurement from the
image and held fixed for the fit. The resulting parameter estimates were
then used to simulate the time evolution of the dye intensity. As can be
seen in the lower two panels, the measured time sequence (B) is in good
agreement with the simulated data (C) for the given parameter set.

 

Fig. 4. Intracellular dye diffusion in isolated lens bundles. Phase con-
trast (A) and epifluorescence image (B) of an isolated lens fiber cell
bundle perfused with Lucifer yellow for 140 sec (scale bar4 100mm).
(C) Intensity profile taken along the length of the fiber cell (dotted line
in panel (B)). The origin (l 4 0) is the lower left end of the fiber cell.
The dropoff in intensity at about the midpoint is an artefact caused by
absorption or scattering of fluorescent light by the pipette tip.
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Discussion

We have developed a simple method, which allows us to
quantify intercellular dye diffusion through gap junctions
in the mammalian lens. This method takes advantage of
the quasi-spherical geometry of the lens, the highly or-
dered arrangement of the lens fiber cells into concentric
membrane layers, and the abundance of gap junctions
that link the cells with each other. These properties
greatly simplify the models employed in estimating the
effective dye diffusion coefficient. The exceptional
length of the fiber cells and the availability of isolation
protocols also allow us to measure the cytoplasmic dif-
fusion coefficient of a dye independent of the intercel-
lular diffusion. These quantities can then be used to de-
termine the (absolute) gap junctional permeability of fi-
ber cell membranes, which, similar to the electrical
conductance of gap junctions, is a quantity that is com-
parable between preparations.

MODEL ASSUMPTIONS ANDLIMITATIONS FOR

THE ANALYSIS

For the derivation of the analytical formulae for radial
tracer distribution in the lens, we have made a number of
critical assumptions that may affect the accuracy of our
estimates. First, we have assumed that the lens is a
sphere rather than a lentoid. In this study we used iso-
lated lenses from juvenile rats, which are very close to
spherical. We have further assumed, that the diameter of
the lens is large compared to the diffusion distance from
the periphery. This allows us to ignore the correction
term for spherical diffusion in the diffusion equation and
to use a linear model instead. We have validated this
assumption with model simulations for a lens with 4 mm
diameter and confirmed that there is virtually no differ-
ence between the profiles for the spherical versus the
linear model.

A further assumption related to this is, that the
boundary conditions at the lens surface are homogeneous
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Fig. 6. Modulation of Lucifer yellow permeability by intracellular
acidification and halothane. Paired rhodamine-dextran (A,D,G) and Lu-
cifer yellow (B,E,H) images of equatorial cortical sections from decap-
sulated lenses incubated in: control (A–C), CO2 saturated (D–F), and
halothane saturated bath solution. (G-I) Confocal images used identical
confocal pinhole and PMT settings (scale bar4 100 mm). Radial
intercellular diffusion of Lucifer yellow is partially inhibited by acidi-
fication with 100% CO2 as compared to control conditions while in-
cubation with halothane significantly blocks dye spreading into the lens
cortex. The effective diffusion coefficients estimated by fitting Eq. 6 to
the profiles were:Deff 4 (5.1 ± 0.2) × 10−8 cm2/sec for the control lens,
andDeff 4 (3.9 ± 0.2) × 10−8 cm2/sec, andDeff 4 (1.3 ± 0.1) × 10−8

cm2/sec for CO2 (F) and halothane (I) treated lenses, respectively.
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throughout the whole surface area and in time. This
means, that dye concentration and dye uptake is the same
everywhere on the lens surface. The first condition is
met by the homogeneous concentration of dye in the
loading solution. However, we have observed regions
where the intensity profiles follow the continuous load-
ing model and regions that follow the bolus loading
model in the same lens section. There is even the pos-
sibility that some regions of the lens may initially be
loaded continuously and then reseal and thus follow a
bolus model. The actual intensity profiles are therefore
most likely a mixture between both models with some
bias towards either of the two ideal cases. While this
distinction is of some importance for mechanistic con-
siderations on dye loading, in practice the diffusion co-
efficients estimated by fitting either of the two models
were not too different considering the precision of the
fitting procedure.

We have also ignored convective transport in angu-
lar direction through the cytoplasm of the fiber cells.
This transport mechanism was proposed by a model for
lens transport (Mathias et al., 1985, 1997) and has re-
cently been implicated by tracer injection studiesin situ
in the lens (Rae et al., 1996). However, the effects of
angular transport on dye diffusion should be minimal in
the equatorial plane of the lens, which is why we have
restricted our analysis to equatorial sections. A further
assumption is that after dye loading there is no signifi-
cant loss of dye through the cell membranes. We have
confirmed this by incubation of whole nondecapsulated
lenses in dye loading solutions. Under these conditions,
we only observed extracellular staining indicating that in
the absence of damage the fiber cell membranes are im-
permeable to the dyes used in this study. Similar results
have been reported previously for Procion yellow in iso-
lated whole lenses (Rae & Stacey, 1979).

The most critical assumption, however, is that the
effective diffusion coefficient within the lens is uniform.
This implies that the radial and angular distribution of
gap junctions must be homogeneous throughout the lens.
This clearly is a simplification of the real situation, as it
is known that the number and size of gap junctions in the
cortex changes in both angular and radial directions
(Gruijters, Kistler & Bullivant, 1987). In some cases we
have observed intensity profiles with marked kinks or
bends at about 150mm radial distance. This feature
could be reproduced in model simulations, if we assumed

that there was either a local discontinuity of the diffusion
coefficient (that is only one cell layer thick) or that there
was a boundary between two compartments with differ-
ent diffusion coefficients. Since the density of gap junc-
tion plaques decreases in the angular direction from
equator to the lens poles we would also expect a decrease
in junctional permeabilities at the poles vs. the equator.
Cytoplasmic diffusion along the length of a fiber cell
may partially compensate for this and, therefore, the ef-
fective diffusion coefficientDeff calculated from inten-
sity profiles of equatorial sections estimates a weighted
average between the (larger) junctional permeabilities at
the equator and the (smaller) permeabilities at the poles.
For this problem, there is no analytical solution to the
diffusion equation and we would have to fit the intensity
profiles with the diffusion equations directly, which is
beyond the scope of this current presentation. Variable
diffusion coefficients would introduce a number of ad-
ditional free parameters into the fitting model, which
could render the interpretation of the results ambiguous.
Ultimately it would be desirable to analyze the dye dis-
tribution in whole axial sections rather than equatorial
(cross) sections. This would enable us to accommodate
such factors as angular transport and inhomogeneous dif-
fusion coefficients into a more detailed analysis of lens
transport properties. Despite these cautions, we believe
that our present analysis represents a valid first approxi-
mation to modeling gap junction permeability in the lens
cortex and that it provides a good representation within
the limits of measurements possible in biological speci-
mens.

TRACER DIFFUSION IN ISOLATED FIBER CELLS

The cytoplasmic diffusion coefficient is a critical param-
eter for the calculation of gap junctional permeabilities
from gross diffusion profiles. However, to obtain cyto-
plasmic diffusion coefficients long diffusion distances
are required, which are usually not available in normal
cell preparations. The lens has considerable advantages
in this respect due to the long and regular shape of the
lens fiber cells. The septate axon of the earthworm is
another cell type, which is sufficiently long to allow
these measurements (Brink & Ramanan, 1985; Ramanan
& Brink, 1990). In these cells a cytoplasmic diffusion
coefficient of 2 × 10−6 cm2/sec was determined for Lu-
cifer yellow, which compares well to the value of 0.6 ×
10−6 cm2/sec we have obtained in lens fiber cells. The
slightly lower diffusion coefficient in fiber cells may be
attributed to the unusually high protein content (crystal-
lins) of the fiber cells.

GAP JUNCTIONAL DYE PERMEABILITY IN CORTICAL

FIBER CELLS

Due to its unique properties and its dependence on gap
junctional transport, the lens has attracted a number of

Table. Diffusion constants in lens cortex

Control Low pH Halothane

Deff (cm2/sec) (10 ± 14) × 10−8 (3 ± 2) × 10−8 (2 ± 2) × 10−8

Pj (cm/sec) (31 ± 27) × 10−5 (8 ± 3) × 10−5 (4 ± 3) × 10−5

n 21 8 8
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investigations into tracer diffusion between cells of the
lens (Goodenough, Dick II & Lyons, 1980; Schuetze &
Goodenough, 1982; Miller, Zampighi & Hall, 1992;
Miller, 1995; Bassnett et al., 1994; Prescott et al., 1994;
Rae et al., 1996). While Rae and coworkers (Rae et al.,
1996) have reported a junctional permeability ofPj

e−f 4
(4.4 ± 3.5) × 10−6 cm/sec for epithelial-fiber cell junc-
tions in the rat lens, ours is the first study to specifically
measure fiber-fiber junctional permeabilities. Our value
for the fiber-fiber permeability ofPj

f−f of (31 ± 27) × 10−5

cm/sec is significantly higher than the value that Rae et
al. (1996) reported for epithelial-fiber cell junctions.
This is to be expected since fiber cells in the outer cortex
are linked by a large number of gap junction plaques
(Gruijters et al., 1987; Goodenough, 1992). In contrast
the paucity of gap junction structures between epithelial
and fiber cells (Bassnett et al., 1994; Prescott et al.,
1994) suggests a substantially lower permeability for this
interface. Rae et al. (1996) also report a fiber-fiber per-
meability of Pj

f−f of 2.8 × 10−6 cm/sec estimated from a
single measurement in the polar region of a fiber cell.
However, given the assumptions made in this estimation
and the uncertainties of a single measurement, the vari-
ability may be quite large. When compared with gap
junctional conductances obtained from impedance analy-
sis of the frog lens this value appears to be at least one
order of magnitude too small while the fiber-fiber per-
meability reported here is in reasonable agreement with
both the electrical data and the abundance of gap junc-
tion structures in fiber cells.

In summary we have used a simple method to in-
troduce tracer dyes into the lens and have developed the
theoretical framework to quantify gap junctional perme-
ability. Gap junctions are widely acknowledged as es-
sential for the maintenance of lens transparency and ab-
normal gap junction closure has been proposed to be
involved in diabetic cataractogenesis (Kistler et al.,
1999). The techniques outlined in this report should now
enable us to detect and quantify changes in gap junction
permeability during early cataractogenesis.
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Appendix

MODELING OF DIFFUSION PROFILES IN THELENS

Another possible approach to modeling diffusion processes is the nu-
merical solution of the underlying partial differential equations. For
time-dependent (initial value) problems, this usually involves the nu-
merical solution of linear difference equations. Numerical solutions
have the additional advantage, that it is relatively straightforward to
include options such as local variations in the diffusion coefficient,
binding, or convective transport processes.

For the derivation of the linear difference equations, we start with
the radial diffusion equation

C

t
= DS2C

r2
+

2

r

C

r
D,

This translates into the following explicit (FTCS) linear difference
equation

C~ri ,tj+1! − C~ri ,tj!

Dt
= DSC~ri+1,tj! − 2C~ri ,tj! + C~ri−1,tj!

Dr2

+
2

r

C~ri−1,tj! − C~ri+1,tj!

2Dr D
For constantD, and

C~ri ,ti+1! − C~ri ,tj!

Dt
=

D~ri+1/2!C~ri+1,tj! − D~ri+1/2!C~ri,tj!
−D~ri−1/2!C~ri,tj! + D~ri−1/2!C~ri−1,tj!

Dr2

+
2

r

D~ri−1/2!C~ri−1,ti! − D~ri+1/2!C~ri+1,tj!

2Dr

for spatial variations ofD (Press et al., 1992). Here,

ri = r0 + iDr ?i = 0,1,2, . . .

tj = t0 + jDt ?j = 0,1,2, . . .

D~ri+1/2! =
D~ri! + D~ri+1!

2

are the discretized radial and time coordinates and the local diffusion
coefficient between radial grid lines, respectively. By solving for
C(ri,tj+ 1) we obtain the following recursive formula

C~ri,tj+1! = C~ri,tj! + DtDSC~ri+1,tj! − 2C~ri,tj! + C~ri−1,tj!

Dr2

+
2

r

C~ri+1,tj! − C~ri+1,tj!

2Dr D,

which describes the evolution of the radial tracer distribution in time
from a given initial distributionC0(r). The two cases of dye loading
discussed for the analytical solutions can be obtained by applying the
appropriate boundary conditions atr 4 0 andr 4 R, as given above.

The explicit linear difference equations are numerically stable
only for small values ofDt (Dt # (Dx)2/2D) and, therefore, only effi-
cient for small diffusion times. However, since for most experiments
the diffusion times are relatively short (5–15 min), we feel that this
method is still appropriate (Dt ∼ 3 sec).
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