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Abstract. Dye transfer between lens fiber cells and be-exist as a functional 3-dimensional syncytium (Duncan,
tween lens epithelial cells and underlying fiber cells was1969; Mathias, Rae & Eisenberg, 1981). In most early
studied using a wide dynamic range-cooled CCD camstudies aimed at demonstrating cell-to-cell dye transfer
era, HO immersion objectives and image analysis tech-between fiber cells or between fiber and epithelial cells,
niques. Each lens was decapsulated by a new techniquke dye transfer could be observed. In embryonic chick
which leaves the epithelial cells adherent to the lens fibetenses, pathways for dye movement between fiber cells
mass. Lucifer Yellow CH was injected into either single and between epithelial and fiber cells was demonstrated
epithelial cells or single fiber cells using the standard(Schuetze & Goodenough, 1982; Miller & Goodenough,
whole cell configuration of the patch voltage clamp tech-1986). Cell-to-cell dye movement between fiber cells of
nique. The results demonstrate extensive dye communadult Rana pipiendenses was also reported (Rae, 1974;
cation between fiber cells at the lens posterior surfaceRae & Stacey, 1976) and, moreover, epithelial and fiber
anterior surface, and equatorial surface. Dye transfer bezells were reported to be electrically coupled in adult
tween deep fiber cells was also observed. Dye transfeffog lenses (Rae & Kuszak, 1983). Several morpholog-
between=10% of epithelial cells and their underlying ical studies reported the existence of gap junctions be-
fiber cells was apparent when care was taken to yieldween lens epithelial and fiber cells (Goodenough et al.,
wide dynamic range images. This was required becaus&980; Miller & Goodenough, 1986; Lo & Reese, 1993).
the relatively high concentration of dye in the epithelial Recently, applications of more modern imaging
cell masks the presence of much lower dye concentratechnology have arrived at somewhat different conclu-
tions in the underlying fiber cell. A mathematical model sions. While freeze fracture transmission electron mi-
which includes dye concentration, time, and spatialcroscopy easily demonstrates structures that look like
spread suggests that those epithelial cells that are cogap junctions between lens fibers cells, few if any gap
pled to an underlying fiber cell are about as well dyejunctions between lens epithelial and fiber cells could be
coupled as the epithelial cells themselves. The relativelyobserved in a recent study (Brown et al., 1990). These
low dye concentration in a fiber cell is due to its larger results prompted several investigators (Bassnett et al.
volume and diffusion of the dye along the axis of the 1994) to question the existence of metabolic communi-
fiber away from the fiber/epithelial junction. cation between lens epithelium and fibers. Confocal mi-
croscopy applied to intact lenses following the micro-
Key words: Lens — Epithelium — Fibers — Dye trans- electrode injection of Lucifer Yellow CH into single fi-

fer — Gap junctions ber cells of frog lenses failed to demonstrate fiber to fiber
dye movement except in a small region near the lens
Introduction equator (Prescott et al., 1994). These authors also sug

est that metabolic communication between fiber cells
night not exist in general. Several investigators have
eported that BCECF AM or SNARF-1 loaded into ep-

I ithelial cells of whole lenses does not obviously pass into
Correspondence tal.L. Rae fiber cells and can take more than an hour to leak from

Over more than 20 years, evidence has been accumul
ing that the lens fiber cells and even lens epithelial cellsr
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the cells (Wolosin et al., 1988; Wolosin, Alvarez & Can- Materials and Methods
dia, 1990; Bassnett, 1990; Bassnett et al., 1994). This

time pe_rlod, they propose, is longer than Woulq be X o ARATION OF THERAT LENS
pected if the dye were able to transverse gap junctions

and enter the fiber C§||. Bassnet.t et al. (1994) were ablost experiments were done on lenses obtained from albino Sprague-
to dye fill fiber cells in embryonic chick lenses and to Dawley rats (both sexes). We used rats weighing approximately 200 g
observe dye spread into the overlying epithelial cells.because their lenses were large and relatively easy to work with. The
When they filled epithelial cells, however, they could not rats were euthanized by an intraperitoneal injection of 25% urethane
see dye move into the fiber cells below solution. After death, the globes were enucleated and placed in NaCl

. . PR Ringer’s solution at room temperature. The posterior globe was re-
. HOW are th?se ma.Jor differences .m f|_nd|r_1gs to be moved by cutting posterior to the zonules with fine iris scissors. The
ra_‘tlonal'zeq? It is possible that the epithelial-fiber ek':‘C'comea and iris were then cut around their periphery and discarded.
trical coupling demonstrated by Rae and Kuszak (1983)rhis dissection left the lens and capsule intact, attached via its zonules
in frog lenses might be in error. While Rae & Kuszak to a ring of uveal-scleral tissue.
used a marker dye to ensure that their voltage-measuring
electrode_ was inside a s_mgle lens ep!thehal cell, it MaYE, seooiNG THE RAT LENS IN AGAROSE
have resided somehow in a surface fiber cell. The Pro-
cion scarlet dye used to mark the position of their voltagea small #184 Sylgard (Dow Corning, Midland, M) mat (6 mm square
electrode did not fluoresce appreciably and could not 2 mm thick) was used to position the lens for embedding in agarose.
effectively demonstrate cell-to-cell dye transfer. Their A #1 cork borer was used to trephine a hole in the center of the mat.
evidence for epithelial-cell-to-fiber-cell coupling was, The mat was submerged in NaCl Ringer’s solution and the rat lens
therefore, entirely electrical. The experiments of positioned over the hole using a lens loop. For nfdstr-fiber cell

. experimentsthe posterior of the lens fit down into the hole in the
Schuetze and Goodenough (1982) and Miller and Goodgxpermentsine poster s It down | :

. . . Sylgard mat; forepithelial-fiber cell experimentghe opposite orien-
enough (1986) did demonstrate both fiber-to-fiber andation was used. A 2% weightivolume agarose solution was made,
epithelial-to-fiber dye transfer but only in embryonic using equal amounts of Seakem GTG and SeaPlague agarose (FMC
chick lenses. Perhaps these results do not hold for morgioProducts, Rockland, ME) dissolved in NaCl Ringer's solution.
mature lenses. The fiber-fiber dye transfer demonstratedflicrowave heat was applied to dissolve the agarose. The agarose wa:
by Rae (1974) and Rae and Stacey (1976) was done ﬁ:pntinu_ously stirred and mgasured with athermomete_runtil it cooled to
mature frog lenses using fixed and embedded lenses arffjProximately 37°C. At this point, the Sylgard mat with the lens was
. . carefully moved from the Petri dish containing Ringer’s solution to a
So move_ment of dye from cell to cell during the tlssuesiIicone flat embedding mold (Ted Pella, Redding, CA). Agarose so-
preparation could not be ruled out though care was takeRtion was poured over the positioned lens, filling the embedding
to avoid this artifact. trough. Enough agarose was used to completely cover the lens anc
On the other hand, there is no paucity of artifacts oroverflow the trough. As the agarose began to gel, a Petri dish cover
sensitivity issues which might result in failure to dem- was placed, without pressure, over the trough to flatten the agarose
onstrate cell-to-cell diffusion pathways. An intracellular surface. Once the agarose had adequately gelled, the Petri dish cove

. . was removed and the excess agarose was trimmed with a razor blade
microelectrode rarely has a seal around it that exceeds ~ . 9 :
uaring the sides of the agarose mold to match the sides of the em-

: $
100 megohms and the seal resistance can be very mu%adding trough. The entire agarose mold, containing the rat lens, was
lower than this. Lack of a tight seal can allow extracel- carefully removed from embedding mold, and placed in a Petri dish
lular substances like Cato enter the cytoplasm which containing NaCl Ringer’s solution. Using#5 jeweler's forceps, the
might result in uncoupling from adjacent cells. More- Sylgard mat was carefully removed from the agarose mold, yielding an
over, in a 3-dimensional syncytium, the intensity of the &xposed portion of the rat lens.
dye fluorescence is expected to fall very rapidly with
distance from the injection site by comparison to thepgcapsuilaTion oF THERAT LENS
expectation from either one-dimensional or two-
dimensional syncytia. Thus, it would be possible for dyeDecapsulation of the lens was necessary for patch clamping the fiber
spread to occur but for the detection procedures to lacknd epithelial cells of the rat lens (Dewey, Bartiing & Rae, 1995).

sufficient sensitivity to quantify or even detect the A Ca”-Mg™free solution containing 10 m bumetanide (Sigma
spread Chemical, St. Louis, MO) was used to incubate the exposed portion of

Th . f boli .. b the lens prior to decapsulation. The agarose block was submerged in
e existence of metapolic communication e'[Weer}he decapsulation solution and incubated for 15-30 min at room tem-

|en§ fiber Ce”.S and between lens epithelium Qnd ﬁt_)erﬁ)erature. After incubation, the agarose block was removed from the
are important issues. We therefore chose to reinvestigatcapsulation solution and the capsule was gently teased from the
them using more modern electrophysiological ap-exposed lens area using two pairs#5 jeweler’s forceps.

proaches and more modern imaging approaches than we

and most other investigators haye used in the past. Wth,ATCH ELECTRODES

these approaches, we routinely find dye transfer between

fiber cells and between epithelium and fibers in severakorning borosilicate# 7052 glass was pulled on a constant temperature

different kinds of lenses. coil vertical puller. The electrode tips were firepolished to final resis-
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tances of approximately 8Q when filled with our pipette solutions. Ccp NoNUNIFORMITY IMAGE CORRECTION

For Lucifer Yellow CH experiments, the electrode tip was filled with

a lithium chloride solution and was then backfilled with a lithium The images were modified by bias field subtraction and by flat field

chloride-Lucifer Yellow CH solution. scaling to correct for imperfections in the CCD array. The bias field
subtraction corrects for nonzero charge in the CCD array immediately
after clearing the array and with no light applied. The bias field image

PatcH CLAMPING AND DYE |ONTOPHORESIS OFRAT was subtracted from the raw image before flat field image correction.

Lens CELLS The flat field image correction normalizes the image data for differ-
ences in photon collection efficiency for each pixel in the array. This
is accomplished by multiplying each pixel's bias field-corrected value

The agarose block was mounted in an acrylic chamber where the blocky a scale factor. The scale factor, found by imaging a uniformly

was held in place by compression. The acrylic chamber was mountiluminated field of view, is equal to the collected pixel's value divided

ed on a modified stage of a Leitz Laborlux (Rockleigh, NJ) upright py the average value of all the pixels in the array.

epifluorescence microscope with a LeitzX2®ng working-distance

Hoffman modulation contrast objective. A NaCl Ringer’s solution was

used to bathe the exposed lens tissue during the experiments. A linedo NEIGHBORS DEBLURRING SCHEME

translator was used to move the electrode against an exposed cell

membrane and the current was monitored while apglgrb mVtest Bias field- and flat field-corrected images obtained from the HPC-1

pulse. Gentle suction was used to allow gigohm seals to form to asoftware were processed in a custom program after undergoing file

cell's membrane. The seal resistance was measured and gentle suctisrmat conversion. Monck et al. (1992) have developed a deblurring

was again used to rupture the membrane patch inside the opening of treeheme which utilizes a simple inverse filter to extract optically rele-

electrode tip. Rupture of the membrane patch, to achievbae-cell vant data from an input image without the need for adjacent image

patch clampconfiguration, allowed maximum access to the cell’s in- sections. The deblurring algorithm removes out-of-focus information

terior for dye injection while minimizing the amount of dye and ion from an image by convolution of the in-focus image. The resultant

leakage at the membrane-seal interface. blurred image is then multiplied by a factor of two. The image product

lontophoretic currents of 1 to 15 nA were applied using a is then subtracted from the original in-focus image, and a Wiener
PCLAMP (Axon Instruments, Foster City, CA) voltage protocol for inverse filter convolution was used for final image sharpening:
times between 10 to 40 mins.

;=0 -2c OSHSY/(S2 + A}

whereO;S; represents the blurred in-focus imag@, the original in-
focus image S,, the blurred image contrast transfer functi&, the
in-focus image contrast transfer function, anenda, empirical con-
The sodium chloride Ringer’s solution contained (imym149.2 NacCl, stants (typical values of 0.48 and 5.00 were used, respectively). All
4.74 KCI; 2.54 CaCJ, 5 HEPES, and 5 glucose. The pH was buffered capital letters represent Fourier transforms of the respective point
to 7.35 and the osmolarity was measured at 290 mOsm/kg. The calspread functions. In the calculation 8f, a hypothetical section spac-
cium-magnesium free bumetanide solution contained (in):n150 ing (D2) was used to control the sectioning thickness parameter utilized
KMeSQ;, 2 EDTA, 5 HEPES, 0.01 bumetanide, and 5 glucose. Thein the deblurring algorithm. The Dparameter was typically set at 1
bumetanide was added from a 1@stock solution in absolute ethanol. mm. The numerical aperture of the objective lens (0.75), the wave-
The pipette solution used with all Lucifer Yellow experiments con- length of light emitted by the fluorophore (535 nm), pixel size (0.22
tained (in nm): 150 LiCl, 2 EGTA, and 5 HEPES. The pH was titrated wm), and the index of refraction of the objective immersion medium
to 7.00 after adding the dye and the osmolarity was measured at 27fwater, 1.3) were also utilized as parameters in the deblurring algorithm
mOsm/kg. The Lucifer Yellow CH dye was dissolved in the lithium (Monck et al., 1992).

chloride solution to a final concentration of Svm

SOLUTIONS

OTHER IMAGE PROCESSING
IMAGE CAPTURE AND ANALYSIS Resultant deconvolved images were saved and transferred to the Sui

Microsystems SPARCstation1 workstation running the SunOS operat-
Images were captured using a MCD1000 peltier-cooled charge-couplethg system. Images were retrieved in the ANALYZE image processing
device (CCD) imaging system (SpectraSource Instruments, Westlakand analysis program. Many of the images were further processed by
Village, CA). The system consisted of a 1024024 CCD chip array, an adaptive histogram equalization operation. This process adjusts the
a 16-bit digitizer, a TEC Control Unit which powered both the external gray scale values of an image based on the localized image area his
cooling fans and the peltier-cooling of the CCD chip itself, and the togram. The localized area consists of ar 8 pixel kernel, with the
HPC-1 software running under Microsoft Windows. Images were cap-resulting histogram consisting of 64 sample values. The purpose of this
tured in a 16-bit 512« 512 pixel image format, and each image was equalization operation is to enhance the viewable contrast in all areas
bias and flat field image-correctedee below). Most images were of the image, without the preservation of any mathematical relationship
taken with a 48, 0.75 NA water immersion objective (Carl Zeiss, West of gray level scale. The operation creates a histogram of gray level
Germany). The images not being used for quantitation were correctegtalues for each localized area kernel. The contrast is then adjusted
for out-of-plane fluorescence by using a no-neighbors deblurringlocally within each area kernel. The gray scale for the entire image is
scheme described by Monck et al. (1992). Final image analysis andalculated similarly to avoid any checkerboarding. A clipping fraction
contrast enhancement were performed on a Sun Microsystems SPARIEnits the contribution of any pixel's given gray level value, and thus
workstation (SUN Microsystems, Mountain View, CA) using the reduces the enhancement of noise in the resultant image. This opera
ANALYZE software package (Biomedical Imaging Resource, Mayo tion is especially effective for expanding the dynamic range of the
Clinic, Rochester, MN). image in regions which have subtle but significant contrast differences.
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ABBREVIATIONS camera and then exposing for a 50 to 100 fold longer
A (cm?) area of apical face of an epithelial cell period than is required to image an epithelial cell. Figure
C{t)  (mole/cn) epithelial cell dye concentration 2A shows a rat lens epithelial cell near the equator which
Gix. (mo'eS/Cn”;) fiber cell dye concentration has been loaded with Lucifer Yellow through a patch
gz(x) gg:g:g n%; g}g’;‘te(t d;g)cg'sge't:::;%r?f dye in a fiber cell electrode. Here the antibloom capability was not used.
D (clsec) dye diffusion coefficient1.5 x 10° cné/sec In this instance, it was possible to see dye in an under-
h (cm) height of epithelial cell lying fiber cell without enhancement. This was possible
ixt  (moles/crésec) dye flux along fiber cell axis because we chose to patch one of a small cluster of cells
Pe (cm/sec) fiber/epithelial gap junctional permeability left on the fibers following decapsulation. The neighbor-
Pr (em/sec) fiber/fiber gap junctional permeability ing cells were removed by the decapsulation procedure
Se/Ve - (em ) surface to volume ratio of fiber cells thus decreasing the number of adjacent epithelial cells
t (sec) time since removal of patch pipette from epithelial cell . . e . .

u(x) (cm/sec) velocity of convection plus conduction into which the_ m]eCted dye mlght be lost. In F|g3,2he

UKX)  (cm/sec) velocity of convection camera’s antibloom feature was used and the exposure
Ve (cm?®) volume of epithelial cell time increased until the fiber cell dye could easily be
X (cm) distance along fiber cell axis from epithelial junction seen. In Fig. £, the clipped amplitude histogram equal-

A (cm) length constant for dye diffusion along a fiber cell  jzation algorithm was applied to the antibloomed image.
Te (sec) t?me constant for gpithglial/fiber cell dye exchange  These figures show clearly that dye injected into an ep-
T (sec) time constant for fiber/fiber cell dye exchange

ithelial cell through a patch electrode ultimately diffuses
into the fiber cell below. In fact, in Fig.RandC, dye
Results can be seen in several underlying fiber cells. Epithelial-
fiber dye transfer was seen in 29 of 83 clusters of epi-
thelial cells near the lens pole successfully filled with
EPITHELIAL-FIBER DYE TRANSFER Lucifer-yellow.
When the antibloom capability of the camera is used
As shown in the analysis section (later), epithelial-fiberwith long exposure times, a diffuse trail of dye moving in
dye transfer is expected to be quite difficult to demon-one direction only can be seen (Figd)3 Simultaneous
strate. Even for substantial degrees of coupling, dye difbright field and fluorescence imaging (FigBB3shows
fuses more readily along the axis of a fiber cell thanthat the direction of the diffuse dye trail is always along
across the epithelial-fiber gap junctions. Hence, therghe axis of the underlying fiber cells. This unidirectional
will be a large step drop in dye concentration between thenovement of the dye in fibers is expected and is ex-
epithelial cell and the fiber cell to which it is coupled. plained in the cartoon below (Fig. 4). The fiber/fibers
Figure 1A andB demonstrates this phenomenon. Fig§. 1 which abut any single epithelial cell leave in a single
is a largely unenhanced photograph (deconvolution onlyjlirection at all epithelial locations except right at the
of dye injection into a single epithelial cell of a rat lens. suture. The observed apparent unidirectional movement
The exposure is such that the epithelial cell is nearlyof dye lends credence to the notion that dye is diffusing
optimally exposed. The fiber cell, however, is essen-inside the fiber cells and not in the extracellular space.
tially invisible. This does not mean that the fiber cell In the extracellular space, dye would be expected to dif-
beneath does not have dye in it. Rather, the dynami¢use in all directions. A second demonstration of epithe-
range of the image is sufficiently limited that both the lial-fiber dye transfer is shown in FigA5(fluorescence)
epithelial cell and the fiber cell cannot be visualizedand Fig. B (bright field and fluorescence) at higher
simultaneously. By using a clipped amplitude histogrammagnification. Here at least 3 fluorescent fiber cells can
equalization routine (Fig. B, seeMaterials and Meth- be seen underlying the epithelial cell which was the pri-
ods), it is possible to display the dye in the fiber cell evenmary injection site. The bright field photomicrography
though its intensity is much less than that in the epithelial(Fig. 5B) clearly shows that thapparentfiber cells from
cell. At this level of exposure, the intensity in the fiber Fig. 5A are in fact fiber cells.
is only a little above background and so the image is  Epithelial-fiber dye transfer was easily seen in ma-
noisy. ture rat and rabbit lenses and in 14 day chick embryo
Integrating CCD cameras have an antibloom capalenses. These were the only lenses we tried. The cou-
bility whereby the electrons filling the most highly pop- pling could be demonstrated in rat lens with carboxyflu-
ulated wells can be removed and so prevent blooming irescein and dichlorofluoresceimnata not show)) in
the most intense areas of the image. This leaves the lowddition to Lucifer Yellow. It could not be demonstrated
order 8 bits of the camera in a linear photometric rangewvith BCECF although when a mixture of BCECF and
whereas the 8 high order bits respond nonlinearly withLucifer Yellow was used to fill the epithelial cell, dye
increasing light. Figure &-C shows that dye in a fiber transfer was evident showing that BCECF did not block
cell coupled to its overlying epithelial cell can easily be dye transmission. BCECF did not even diffuse into ad-
demonstrated by turning on the antibloom feature of thgacent epithelial cells, either in “intact” lenses or in
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Fig. 1. CCD camera images from a rat lens wherein a single epithelial cell was dye-injected with Lucifer Yellow CH through a patch electrode t
in whole cell voltage clamp mode. The image &) (vas deconvolved to correct for out-of-plane fluorescence. The imad® ings deconvolved

and subjected to clipped amplitude histogram equalization to show a noisy image of a fiberreel) hidden in the low order bits of the CCD
camera.

dissociated cell pairs of mouse lens epithelial cells omecessary to mechanically peel surface fiber cells away
rabbit corneal epithelial cells. Therefore, even thoughfrom the rest of the lens and then patch clamp fiber cell
BCECF has been shown to diffuse between gap junctionsurfaces exposed deep in the lens by the surface-fibel
in at least two other preparations (Cooper, Miller & removal. Figure 7 shows that even under these poten-
Fraser, 1989; El-Sabban & Pauli, 1991), we were unableially mechanically traumatic conditions, fiber-to-fiber
to demonstrate its movement between lens epitheliatlye movement is still readily observed. Its extent does
cells, between fiber cells or between epithelial and fibemot seem to be nearly as pronounced as between fibel
cells. cells near the lens surface but the two locations should
The dye transfer with Lucifer Yellow was also not probably not be compared directly given the anticipated
very dependent on the pH of pipette filling solution. Dye mechanical trauma involved in isolation of deep fiber
movement between epithelial cells and fiber cells oc-cell surfaces.
curred at least in a qualitatively similar way for pipette
filling solution pHs between 4 and 7. Given that pH
buffering can occur by Hmovement through the gap ANALYSIS OF THE DATA
junctions, the actual pHs which resulted in the coupled
cells are not known. Figure 8 compares the initial fluorescence intensity in
These dissection, dye injection and imaging tech-three typical experiments where the introduction of dye
nigues also allow clear demonstration of fiber-to-fiberwas into an epithelial cell either at the pole, midway
coupling. In Fig. & (a deconvolved image) and in Fig. between pole and equator, or at the equator. The fluo-
6B (the same image subjected to amplitude histogrammescence intensity as a function of position along the
equalization), extensive lateral spread of dye into postefiber cell axis is not a simple exponential. One reason
rior lens fibers adjacent to the central injection can befor the complex distribution may be the shape of the fiber
visualized. Results similar to theseata not shown cells. We measure fluorescence intensity, which is pro-
were found when dye was injected into fiber cells at bothportional to the amount of dye at amylocation rather
the anterior and equatorial surfaces. than the concentration of dye. Thus, where the fiber
We also made some attempts to inject dye into deegells are thicker we will collect more light even if the
fiber cells using this methodology. To do that, it was concentration is not higher. At the equator, the fiber
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FIBERS —>

<— EPITHELIUM

Fig. 2. CCD camera images from a rat lens wherein a single epithelial
cell of a small cluster of epithelial cells near the equator was dye-
injected with Lucifer Yellow CH through a patch electrode used in
whole cell voltage clamp mode. The deconvolved imageAinshows
brightly fluorescent epithelial cells and a dimly fluorescent fiber cell
(arrow) below. B) is a longer exposure using the antibloom circuitry of
the CCD camera. Now several underlying fiber cells are clearly seen to
contain the fluorescing dyeCj is the same image shown iB)(after
clipped amplitude histogram equalization which makes the fiber cells
more easily visualized.

cells are more banana-shaped than at the poles, so tlamd hydrostatic pressure in peripheral fiber cells at the
increase in intensity as one moves away from the fiberequator will be higher than in peripheral cells at the

epithelial junction could simply be an artifact due to the poles, hence the negatively charged dye will be con-
shape. Secondly, forces other than diffusion may conducted toward the equator but convected toward the
tribute to dye spread. As first reported by Robinson andooles. The longitudinal flux of dye along the axis of a

Patterson (1983) there are circulating currents betweefiber cell is given by

the pole and equator and these currents will generate

conduction and convection of dye. Based on an analysif: (xt) = -D M + C,(x,t) u(x) &Ies (1)

of these currents (Baldo & Mathias, 1992), the voltage ™ X ' cnfsec
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FIBERS

INJECTED EPITHELIAL
CELL

Fig. 3. (A) A deconvolved CCD camera image from a rabbit lens wherein a single epithelial cell was filled with Lucifer Yellow CH through a pat
electrode used in whole cell voltage clamp mode. Antibloom circuitry of the camera was used with a sufficiently long exposure time to rendel
underlying fiber cell fluorescence visible. The epithelial cells are overexposed and appear sat@atedoright field image of the same
microscopic field shown inA) to verify that the fiber fluorescence band if)(follows the same orientation as that of the fiber cells.

Lens epithelial cell
loaded with
\ / Lucifer Yellow CH DYE IN FIBER
1 = CELL MOVES
| | | PRIMARILY
—
' IN THIS
DIRECTION

Fig. 4. A cartoon of the fiber cell orientation with
respect to the epithelial cell location in a
decapsulated lens. Dye in a fiber cell would move
along the fiber axis but would seem to move
primarily from left to right. The movement would
appear largely unidirectional.

where C; (x,t)(mmoles/cm) is the dye concentration at the epithelial/fiber junction. The longitudinal flux at the
locationx (cm) and timet (sec) in a fiber cellD (cn?/  fiber/epithelial junction must equal the transjunctional
sec) is the dye diffusion coefficient and the velocityu( flux, which is given bypy(C(t) — C;(0})), where p,
(cm/sec) represents either conduction or convection. ViZcm/sec) is the fiber-epithelial junctional permeability.
SinceC(t) >> C; (0), we can approximate
Fz dys(x)

=Dy * UK cmisec @ PCa(t) = - f( ) —_—+u(0)C(0}) 3)

The voltage within the fiber cell igi(x) andU(X) (cm/  Eq. 3 can be rewritten as

sec) is the fluid flow velocity. Other symbols and coor-

dinates are defined in Fig. 9. Positive valuesxoére aCf (0 H_ UO)C, (08 - puc (B @
defined along the axis of the fiber cell as distance from Ci Pec,
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<= EPITHELIAL
CELL CELL .
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Fig. 5. (A) A higher magnification CCD camera image of a rat lens in which a single lens epithelial cell was injected with Lucifer Yellow ClI
through a patch electrode used in whole cell voltage clamp mode. Antibloom circuitry of the camera and a long exposure time were used to .
visualization of fluorescing dye in fiber cells belovB)(A brightfield micrograph of the same microscopic field shownA) {o demonstrate that

the apparent fiber cells o] are really fiber cells.

Fig. 6. (A) A deconvolved CCD camera image from a rat lens in which Lucifer Yellow CH was injected into a surface fiber cell at the poster
surface between the equator and the posterior pole. A path electrode in whole cell voltage clamp mode was utilized. Diffusion of the fluores
dye into adjacent fiber cells is clearly visibl&)(The same image fromA] following clipped amplitude histogram equalization. This enhancement
shows that dye can be seen in even more cells thaA)in (

At the poles, the data sho®Cy(0,t)/0x is negative hence tive and may dominate. At the equat@C(0,t)/ox is

u is either small or negative. Since conduction carriespositive, suggestingi(0) is positive and large. In this
the dye away from the poles whereas convection carriesituation, X is increasing as we move away from the
dye to the poles, the convection velocity(x), is nega- equator so convection is positive whereas conduction is
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laterally to neighboring fiber cells and the rate limiting
step is diffusion of dye from the epithelial cell into the
fiber cell. This loss of dye concentration with time can-
not be explained by bleaching. Single epithelial cells or
pairs of epithelial cells dye injected with Lucifer Yellow
and exposed to light of the same intensity for the same
time as “intact” preparations lose less than 2-5% of
their intensity by bleaching.

Define the initial distribution of dye in the fiber cell
asC,(x). We observeC (x) is independent of the time of
filling the cells (in the range of 7 min to 15 min) so a
steady-state is achieved by 7 min. Howew@J(x) varies
considerably in shape as one looks from pole to equator.
If the pipette contains a concentration of ds, the
initial concentration in the epithelial cells will be very
close toC,. Thus, we assume

C0) =G,

C(x,0) = Co(%) (%)

M =-ApC. (t 6
dt - pe e() ( )

Fig. 7. A deconvolved and clipped amplitude histogram equalized The volume of an epithelial cel/ (cm3) is given by its
CCD camera image from a microdissected rat lens. A single deep fiber € )

cell was injected with Lucifer Yellow CH through a patch electrode aplcal area A (C&) times its helghlh (Cm)' Once the

used in whole cell voltage clamp mode. Dye spread into adjacent fibePipette i_s removed, the a_mount of dye in the e_pith_elial
cells is apparent. cell declines as the dye diffuses through the apical junc-

tions into the fiber cells. Thus, sind&, is constant, we

_ _ _ divide through and obtain the time constant
negative so agaiJ(x) may dominate. The data are

therefore consistent with a significant flux of dye being dc(t)
carried by convection, which contributes to the complex—g— = 7 Cell), Te =h/pe (7)
longitudinal distribution of fluorescence intensity. ©

In the analysis that follows, we will focus on data \yi the initial condition in Eq. 5, the solution is
collected near the anterior pole. Data from the equator or '
midway from pole to equator have qualitatively the samec (t) = Ce VT 8)
behavior but are more erratic, so curve fits are neither as

good nor as consiste'nt. We have two viablg explanationg, the fiber cell, dye is continually gained from the ep-
for the data so we will undertake an analysis that allowsielia| cell but continually lost through lateral gap junc-
for either. u(x) is included in the equations as an unspec-tions to neighboring fibers. If the lateral junctional per-
ified function so for a pure diffusion model(x) can be  meapility isp(cm/sec), and the surface to volume ratio

set to zero. An approximate solution can be found evenyt the fiber cell isS,/Vy, then the time constant is
without specifyingu(x). This is possible only because of

a specific feature of the data: as can be seen in Fig, 10

the x-distribution of fluorescence intensity does not Tf=1/V— o8 9
change shape with time, rather it diminishes at the same T

rate at eaclkx. Moreover, the time course at eaxlis a
simple exponential as shown in Fig.B,0vhere the flu-
orescence intensity at 20m intervals is graphed as a
function of time and the data fit with a simple exponen- 2

tial. For reasons described below, that O point, rep- 9Gx.Y =D ICxY _ouGH) 1 Cix) (10
resenting the time at which the patch electrode was with- 9t e X T

drawn from the cell, was excluded from the curve-fit.

The best fit time constants at eaghare listed on the The initial condition is given by Eq. 5, the boundary
graph and one can see they are consistently around 2Zf%ndition by Eqg. 3, and we assur@gx,t) - 0 asx — .
mins. We will show this behavior implies dye is lost If we normalize time with respect to the epithelial-

For simplicity, we ignore the effect of dye in neighboring
fiber cells and write




98 J.L. Rae et al.: Lens Dye Transfer

1.4

1.2

1.0 - ~———— Equator

0.8

0.6

Normalized Intensity (0 pm= 1)

0.4

0.2

0.0 T T T T - Fig. 8. A comparison ofC(x) at pole, mid, and
0 50 100 150 200  equator illustrating the nonexponential distribution
Distance (um) and the systematic variation in distribution.

PIPETTE EPITHELIAL FIBER CELL(S)
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Fig. 9. A schematic drawing of the geometry, the
concentration in each compartment, and the paths
of dye flux. We assume dye concentration in the
epithelial cells is spatially uniform, initially fills
from the pipette to a value Cthen declines with
‘h—’ time as dye diffuses into the fiber cells. Dye in the
| fiber cells is gained from the epithelial cells but
lost laterally to neighboring fiber cells giving a
x=0 distribution of concentration ovex.

v

fiber junctional time constant,, then the time derivative same rate it diffuses into the fiber and the shape of the
in Eg. 10 is multiplied by the ratia;/t.. If this ratio is  x-distribution will not change with time. However, be-

small, viz causeu(x) is an unspecified function, we cannot write an
analytical expression fa€,(x). In the special case where

L 0 (11) u=0, the problem can be solved completely. Analysis of

T, this situation shows the problem involves two time scales

and the solution in Eq. 13 is only valid at long times
then Eq. 10 simplifies to when terms which depend exponentially on ave died
out. The long time solution is then
9°C;

ax?

o)

0=T/D "

T G (12) AD
Cix,p) = Fe Cpe—xlxe—t/Te u(x) =0
The solution of Eq. 12, with initial condition given in Eq.

5 and boundary condition in E@ & 8, is

Ci(x.§) = Co(x)e™'™
Cfty=C, e’ (13)

A=\TD (14)

C)y=ce™

In other words, when the slowest, rate-limiting step is the
time constantr, for diffusion of the dye into the fiber For data analysis, it is better to utilize all of tkdoca-
cell, then dye will be lost through lateral junctions at the tions so we integrate Eq. 14 overito obtain
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Fig. 10. Representative data from the pole showing the distributigr,iCat varioust (A) and the time course of variousB). The x-distribution
does not change shape with time. Best fit time constants for eaca shown. The average tau from all pole data was 2571 min.

f: Ci(x,)dXC(t) = p/D (16) pe = (0.6+ 0.07)x 10° cm/sec (19)

P The above results are independent of the valua(®y.
“ —_fr ol In the special case whel is small or zero, we can use
Ci(x,hdx= = C,e (15) p _ uex) ,
0 D Eq. 16 to determing, from data on the ratio

Fig. 11 illustrates the time course 6f(t) and the time J‘
course of the integral in Eq. 15. The data are averag
values from 4 experiments in which the fluorescence in
both the epithelial and fiber cell were recorded. An ex-The value ofD is approximately

ponential was fit to the data, however, the first=(0)

point was excluded from the fit because the analysiD = 1.5 x 10°® cn/sec (Brink & Ramanan, 1985) (21)
suggested our solution is valid only after terms which

depend ore™ have died out. The time constant from which yields

the epithelial cells was 2& 1 min and from the fiber

cells 24+ 2 min. As assumed in this analysis, the time Pe = (4.4 % 3.5) x 10°% cm/sec (22)
constants are essentially the same. This result is ex-

pected yvhether or nat(x) contributes toC(x,t) as Iong' Though the value op, in equation 21 is based du(x)
as7e is small. We can now compare these equationg,eing negligible, it is in reasonable agreement with equa-
with the data to estimate the parameters of interestg, 18, which contains no assumptions'd(x) and em-
From all of the data o (t) and the integral oC«(x,)),  ploys independent data to estimaie An estimate ofr,

“CxHAXC(t) =2.9+ 2.3 (N=4) (20)

0

the average value af, is can be obtained from the length constants in FigA.10
] Although none of thex-distributions of fluorescence in-
Te=26+3 min (N =14) (18)  tensity are simple exponentials, they all decline to about

33% of their initial value in a distance of about 1Qén.
If we estimate a value fon, p, can be determined from If we assume this characteristic length is representative
Te Using Eq. 7. of the length constant in Eq. 14, then for

h=10um, A = 100 pm, (23)
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Fig. 11. A comparison of t) and G (x,t)dx (at pole) illustrating the similarity of the time constants. The data are average normalized values fro
four experiments in which fluorescence in both the epithelial and fiber cell were recorded. The average time constant fiondathGs 26+
1 min and from the fiber cells is 24 2 min. The average rati@; dX¥C, was 2.9+ 2 min.

the above value ob given Ck + C¢ = 160 nm (27)

T, = 1 min (24)  Thus, the expected junctional conductance is

Lastly, from Mathias, Rae and Eisenberg (1979 F*(Cy + Ca)

-astly, from Mathias, Rae and Eisenberg ( ) we esGJ_ = T =0.025cn? (28)
timate S,/V; and then calculatg; from 7 using Eq. 9. RT

S/V; = 6000 cm? Cooper et al. (1989) report an average coupling conduc-

tance between pairs of frog lens epithelial cells of 65 nS.
These cells are approximately hexagonal with a height of
. ] ) 8 wm and a width of 20um, thus the area of contact

It is of interest to estimate how the above perme-petween cells is around 9am? and the conductance per
abilities compare to values of gap junctional conductanceyea of contact is 0.0%cn?. Duncan et al. (1988) report
reported by Cooper, Rae & Gates (1989) or Duncan et alap effective intracellular resistivity of 2500 cm for
(1988) for frog lens epithelial cells. The comparison, sheets of frog lens epithelial cells. Since current must
_hovv_ever, must take into account thg very large differencggss a junction every 2am, their data suggest a con-
in size of K" or CI” (molecular weights of 39 and 35 qyctance of 0.%/cn?. Given the different methods and
respectively)vs. that of Lucifer Yellow (molecular nymper of assumptions involved in making this compar-
weight 521.6). In the simplest case, one can assume pejson, the values agree rather well. We conclude the frac-
meability is p_roportlonal to the diffusion constant, WhICh tion of epithelial cells that are coupled to underlying
reflects the size and mobility of the solute. Based on thigipers are well coupled. The relatively low concentration
assumption, the fiber cell junctional permeability for of dye in the fiber cells is not because the epithelial/fiber
KCl,pkcn should be at least 10-fold greater thain Eq.  permeability is small, rather it is a consequence of the
24, hence we estimate relatively large volume of the fiber cell and the lateral
Be, = 28 x 10 cmisec (26) loss of dye to the mass of surrounding fiber cells.

pr = 2.8 x 10°° cm/sec (25)

. Discussion
Conductance depends on the concentration of permeant

ions as well as their permeability. The total intracellular For these studies we have used a different biological
concentration of KCl is approximately preparation, different electrophysiological approaches,
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and different imaging methodology than have previouslyare in keeping with previous intracellular microelectrode
been used to investigate dye transfer between lens cellstudies from frog lenses (Rae, 1974; Rae & Stacey,
The biological preparation is a new one in which we usel976) and chick embryo lenses (Schuetze & Goode-
a calcium-and magnesium-free incubation solution confiough, 1982; Miller & Goodenough, 1986) but are not in
taining EDTA and bumetanide to decapsulate the lenkeeping with recent results from confocal microscopy in
while leaving the epithelial cells attached to the fiberthe frog lens (Prescott et al., 1994).
cells. By adjusting the incubation time in the decapsu-  Our studies also show that the epithelium is coupled
lation fluid, it is possible to decapsulate the lens vdth  to the fiber cells below by pathways that allow dye
epithelial cells adhering to the fiber cellsp epithelial movement. In fact, a crude model aimed at quantifying
cells adhering to the fiber cells, or some combination inthe extent of dye transfer suggests that the epithelium
between. When only a fraction of the epithelial cells isand fibers are exceptionally well coupled, about as well
left adherent to the fiber mass, small clumps of epithelialcoupled as the epithelial cells are among themselves.
cells can be dye injected. Because the number of laterdlhis result was true in lenses of all species in which it
cells into which dye might diffuse is limited, it is possi- was studied that included rat lenses, rabbit lenses, anc
ble to get higher concentrations of dye within the cells inembryonic chick lenses. Fiber-epithelial dye transfer
the clump than would have been possible with a fullywas seen in 29 of 83 successful experiments in which an
intact epithelium. The dye is injected using patch volt- epithelial cell was filled with Lucifer Yellow. Therefore,
age clamp techniques. Lucifer Yellow filled electrodesthe fraction of total epithelial cells coupled to fiber cells
are sealed to the cells in the whole cell recording modeshould not exceed 0.35. This fraction is likely an over-
where dye can either diffuse and/or be electrophoresedstimate because with every epithelial cell injection,
into the cells using patch clamp electronics. This ap-there are 3—4 adjacent epithelial cells that take up enougt
proach has the advantage that virtually no leak existglye through epithelial-epithelial gap junctions that they
around the patch electrode and consequently the flux ofould serve as dye sources for demonstrating dye transfe
calcium through the seal and the resulting increase innto the fiber cell immediately below them. Therefore,
intracellular calcium does not occur. Because of thein the 54 attempts in which epithelial-fiber dye transfer
large cross-sectional area of the tip, it is possible to injectvas not observed, one would have expected to see dye
more dye per unit time than is possible with the muchtransfer into about two fiber cells/attempt if the fraction
smaller intracellular microelectrodes used for intracellu-of cells coupled was 0.35. This was never observed.
lar dye injection. One must be careful with this ap- Rather, dye transfer is seen in one of three attempts
proach, however, because it is easily possible to put sevhere 3—4 cells were available to demonstrate coupling/
much dye in the cells that they take up water from theattempt. This represents a coupling fraction of .067—.08
bathing solution and explode. This technique also ha®r less than 1 epithelial cell in 10 is coupled to a neigh-
the potential disadvantage that it can wash out regulatororing fiber cell. This coupling fraction does not alter
substances that exist inside of the cell since the larg¢he notion that the epithelial cells and fiber cells exist in
volume of the pipette in comparison to the volume of thea 3-D syncytium. Since the epithelial cells are them-
cell ensures that the cell largely takes on the compositioselves well coupled, not every epithelial cell must be
of the pipette filling solution. We also employ wide dy- connected directly to its underlying fiber cell for the
namic range imaging by using a cooled CCD camerasyncytial connections to be complete. Moreover, these
with a 16-bit gray scale digitization. Under proper con-results are from the polar region of the epithelium and
ditions, this allows both bright objects and dim objects toBaldo and Mathias (1992) showed fiber cell coupling is
be imaged simultaneously. much less at the polar region. Epithelial cell coupling
These studies show that unlike recently publishedcould be similarly reduced but we were unable to obtain
studies of dye transfer between fiber cells (Prescott et alenough data from the equatorial region to produce a rea-
1994), fiber cells at least at the lens surface are excepsonable comparison.
tionally well coupled. In a few attempts aimed at dem- The analysis of epithelial-fiber cell coupling shows
onstrating dye transfer between fiber cells at least 1 mnit is anticipated (and found experimentally) that there is
or so deep into the lens, it was easily possible to dema large concentration difference between the epithelial
onstrate some lateral movement of the dye from cell tacell and the fiber cell below. This dye concentration dif-
cell. These patch clamp methods, however, are not welilerence does not then provide evidence that the cells are
suited to measuring dye transfer deep in the lens sincpoorly coupled. The large drop in concentration depends
surface layers of the lens must be mechanically removegdrimarily on the fact that the underlying fiber cells are
and may result in damage of the fibers below. Evenexceptionally well coupled and are of much larger vol-
given this potential for damage, lateral dye cell couplingume than the epithelial cells above.
was routinely seen. Dye transfer between fiber cells at  How then are we able to rationalize these results
the surface, whether at the posterior surface, equatoriatith previous morphological and electrophysiological
surface, or anterior surface was extensive. These resultesults that suggest little or no coupling between the
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epithelial cells and fiber cells and between the fiber cellscally rule out the possibility that our procedures disrupt
themselves? First, consider the results of Bassnett et ahe pathways for BCECF movement. But, if so, they
(1994) in which they were able to easily demonstrate dyeamay be different pathways than for Lucifer Yellow since
transfer between fiber and epithelium when the dye waslye continues to move when a mixture of BCECF and
injected in the fiber cell but could not demonstrate it Lucifer Yellow fills an epithelial cell. Of course, Lucifer
when the dye was injected in the epithelial cell of em-Yellow might somehow reopen pathways for BCECF
bryonic chick lenses. These results are expected. Anovement closed by BCECF. Our experiments do not
loaded fiber cell would offer a nearly infinite source of allow a distinction between the two mechanisms. How-
dye to diffuse into the epithelial cells above. Injecting ever, unlike the experiments of Bassnett et al. (1994), we
dye into the epithelial cell results in an extremely low were able to demonstrate epithelial to fiber diffusion of
dye concentration in the fiber cells below, a concentra-carboxyfluorescein and dichlorofluorescein. We did not
tion which could have easily have been missed withoutry SNARF-1, another dye which Bassnett (1990) and
the application of the wide dynamic range imaging weBassnett et al., (1994) concluded could not move from
utilize here. In fact, using our procedures we were ableepithelial cells to fiber cells.

to inject Lucifer Yellow into embryonic chick lens epi- The results that we report here are very much in
thelial cells and see dye movement into fiber cells belowkeeping with early dye diffusion measurements from em-
(data not shown bryonic lens epithelial and fiber cells and from electrical

The methods which we use are incapable of identi-neasurements which demonstrate electrical coupling be-
fying morphologically or biochemically the pathway that tween the epithelium and fibers in frog lenses. We be-
gives rise to the dye movement from epithelial cells tolieve that the best explanation for the data presented here
fiber cells. They can, however, clearly demonstrate thats that about 10% of the epithelial cells and polar surface
a pathway exists. The work of Bassnett et al. (1994) didiber cells are in dye communication and that the cells
not conclude that such pathways did not exist, only thathat are coupled are very well coupled. The model used
the pathways are rare or are morphologically differentfor analyzing the data suggests that the epithelial cells
from classical gap junctions. Our results, that less than that are coupled to the fiber cells are coupled almost as
in 10 epithelial cells are connected to fibers, suggests thawell as the epithelial cells are coupled to each other.
the pathways are quite rare, at least in the anterior polar
region. We are grateful to Helen Hendrickson and Jerry Dewey for technical

Another possibility for failure to demonstrate dye help and to Julio Fernandez and Jonathan Monck for help with the
transfer between epithelial cells or epithelium and fibernearest neigr_lbor analysis and to Erika Wohlfiel for help in preparing
cells might result from the well-known fact that intracel- t¢ manuscript. The work was supported by NIH grants EY03282,
lular microelectrodes even with tips smaller than @rt EY06005 (JLR), EY06391 (RTM), and by an unrestricted award from
. . esearch to Prevent Blindness.
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