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Functional imaging: new views on lens structure and function
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Summary fibre cell$. This system is thought to be generated by

) _ ~ spatial diferences in ion transport processes that generate a
1. We have developed an experimental imaging circylating flux of ions which enters the lens via the

approach that allows the diswiion of lens membrane gyracellular clefts between fibre cells, crosses fibre cell
proteins to be mapped with subcellular resolutieer targe membranes, then flows from cell to celivends the sudce
distances, as a function of fibre cell differentiation. of the lens, via an intracellular patay mediated by ap

_ 2. Usmg_ this gpproac_:h in _the rat lens, wevéna junction channels. This circulating current creates a net flux
precisely localised histological sites of Cx46 ©lER, f solute that generates fluidiioThe extracellular fi of
quantitatvely mapped changes imag junction distriition \yater coveys rutrients tevard the deeper-lying fibre cells,
and fibre cell morphologyend correlated these changes tQypjle the intracellular flo removes wastes and creates a
differences in intercellular dye transfer. well-stirred intracellular compartment.

3. Profiling of glucose transporter isoform expression The experimentalwidence in support of this model
shaved thaF Iens_ epithelial cells express QLUT_l_ whilg)t |ens circulation has primarily been provided by
deeper cortical fibre cells express the higkafinity acroscopic measurements of whole-lens  electrical
GLUT3 isoform. Near the lens peripherBLUT3 was  propertied. More recently our laboratory has puided
located in the cytoplasm of fibre cellajtht underwent a aqditional evidence inafrour of the model by identifying,
differentiation-dependent membrane insertion. ~and localising at the cellularve, key mmponents of the
_ 4. Similarly, the putawe alhesion protein MP20 is (jrcylation systerh This work has iwolved a number of
inserted into the fibre cell membranes, at the stage when ffjictional imaging approaches which correlate membrane
cells lose their nuclei. This redistation is strikingly rapid  protein distrilution to function in spatially distinct géons
in terms of fibre cell dferentiation and correlates with ayf the leng® Here we compare and contrast the results
barrier to extracellular diffusion. 3 obtained for three dérse types of membrane proteins: cell-
5. Ourimaging-oriented approach has facilitated ne 1o_ce|| channel proteins (connexins); glucose transporter
insights into the relationships between fibre celhoieins (GLUTS); and an adhesion protein (MP20). While
differentiation and lens function.Taken togethey our g initial goal was to prade a molecular iventory of key
results indicate that a number of stgis are utilised by components of the lens circulation system, our resutts ha
the lens during the course of normalfeiéntiation, 10 ,a,ealed that the lens uses a number of different sfiezte
change the subcellular diswilion, gross spatial location 4 establish and maintain spatial differences in membrane
and functional properties of el membrane transport yansport proteins during the course of fibre cell

proteins. differentiation.
] Mapping spatial differences in transport proteins: a
Introduction question of scale
The transparerycof the lens is closely linked to the To investigate these questions wevieacevdoped an

unique structure and function of its fibre cells. These highB&perimentaI approach that alle the distribution of lens
differentiated cells are deed from equatorial epithelial embrane proteins to be mapped with subcellular
cells, which eit the cell cycle and embark upon aresojytion wer lamge distances. Since fibre cells continually
differentiation process that producesteasve cllular gifferentiate from epithelial cells at the lens periphery and
elongation, the loss of cellular ganelles and nuclei and the 5re progressily internalised with age, the spatial layout of
expression of fibre-specific protefr’s Since this process fipre cells from the lens periphery to the centre also
continues throughout life, a gradient of fibre cells gepresents a temporal profile of fibre cellfefiéntiation.
different stages of differentiation is established around ghe technical procedures we viea cevdoped® to map
internalised core of mature, anucleate fibre cells. Tnemprane protein distributions across thisfedéntiation
maintain its structural genization, and hence, s gragient, utilize high-quality cryosections that are
transpareny; the lens is belieed to have an internal  gystematically imaged to produce a continuous, high-
microcirculation system that dedrs nutrients, rem®s regolution data set (Figure 1). Such an image data set
waste products, and imposes thegae membrane contains information not only on Wothe gross spatial
potential required to maintain the steady-state volume of tQ&strinution of a labeled membrane protein changes as a
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function of fibre cell differentiation, but also on theFibre ell gap junctions: structw, dspersal and ge-
changing subcellular distribution of the protein (Figure 2Xdependent processing

This is important because differentiating fibre cells are ) ) _
essentially elongated epithelial cells, which retain distinct _ Because of their central importance to lens function,
apical, basal and lateral membrane donfins these cells the fibre cell gap junctions e keen atensvely _stud|ec}_1.

the lateral membranes are further divided into broad a®fP Jjunctions are formed by the connexin family of
narrov sides, which contribute to the distinei hexagonal proteméz and lens fibre cells express awconnexin
profile of the fibre cells. Thus in addition to radialiSOforms, Cx463 and Cx504. Functional studies indicate
differences in membrane protein disation which can that the density ofap ju_nctions is highest near the equator
occur as a consequence of fibre celfedéntiation, other ©f the lens so as to direct the oatd component of the
changes may beviglent in an axial direction (pole-equator circulating current to the equatorial epithelial cells, which

pole) along the length of a fibre cell or between the latergPntain the highest density of Na/K pur%ﬁnsQue_llitaf[ive
membrane domains (broad versus narsigle). assessments showed that in the young, equatorial fibre cells,

g& junctions are particularly concentrated on the broad
sides while in olderinner fibre cells, the gap junctions are
more &enly distributed throughout the cell membrdfid®
Anterior Furthermore, biochemical studiesvhasown that the
cytoplasmic tails of Cx46° and Cx50°%2% are cleaed in
the lens, the latter by the protease cafjaim order to
maintain cell coupling at V@ pH deep in the lerfd.

In a more recent study which utilised our high-
resolution imaging techniques, wevhgrecisely localised
the histological sites of Cx46 cleme, by quantitatie
analysis of signal density profiles obtained from antibodies
directed against the cytoplasmic loop and tail of Ck46
Our analysis nreealed that Cx46 cleage occurs at tw
distinct stages during fibre cell differentiation (Figure 3A).
The major stage occurs at a normalized radial distarae
= [0.9 in 3-week-old lenses, and coincides with an axial

Posterior dispersal of fibre cell nuclei; the second stage occura at
Pole 0.7 and is associated with the complete loss of fibre cell
nuclei.
Figure 1. High-resolution long-range imaging in the lens. In addition to Cx46 claage, we hee cuantitatiely

This digram illustrates our application of quantitative mapped the changingg junction distributions (Figure 2A-
two-photon, and confocal ingang in the equatorialegon  C) as a function of fibre cell differentiation. Radial changes
of the lens. Overlappindarge imege sacks(1-3) can be in cell shape andap junction plaque size and distriton
collected from high-quality cryosections atfdi€tion-lim- were measured automatically by quanttmorphometric
ited resolution, and precisely aligned by correlation analyanalysis of our image détaA fibre cell ‘ellipticity indec
sis’ to form a continuous 3D data set spanning @&apo-  was found to increase smoothly from the lens periphery
portion of the lensadius (see fgure 2. Expession pat- inward, reflecting a gradual change from theagenal
terns of immunofluorescence-labeledtpins can bexam-  peripheral cell cross-section to a more circular cross-
ined qualitatively by sdracting high-magnification wes section. V¢ dso quantified a rapid peripheral decrease in
from exact locations within the data set, or analyzed quanthe size of broad side plaques which is fokol by an
tatively as a function of fibreell age wsing custom-written apparent fragmentation and dispersal of the plaques around
image pocessing softwa: Hbre cell nuclei dispese axi- the cell perimeterThese precise radial measurements of
ally (i.e. towad the poles) and dgade as the cellsge, fibre cell changes sho that the sudden gap junction
providing a convenient dérentiation marker when stained cleavage and shrinkagevents do not correspond to sudden
with a DNA-binding fluarchome sub as popidium changes in cellular morphologyHoweve, the loss of the
iodide Nuclear dgradation, and proteinxression in fibe  hexagonal cell profileis closely associated with ag
cell lateral membkaine domains, can be precisely localisequnction plaque dispersal, and both fellthe major stage
in equatorial sections showingamsvese views of fil of Cx46 cleaage, suggesting a possible role for vk in
cells. Nuclear dispersal, deadation and longitudinal @  gap junction and cell remodelifig
tein expression patterns, can be localised in axial sections  To investigate the functional consequences of these
showing the fike cell lengths. changes, we performed two-photon flash photolysis (TPFP)
on lenses loaded with CMNB-caged fluorescein and
assessed regionalag junction coupling patterhs By
applying TPFP inside a single fibre cell, a microscopic
source of uncaged fluoresceimsvcreated and its @ision
to neighbouring cells as monitored by simultaneous
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Figure 2. Differentiation-dependent changes in the subcellular distribution of 3 diverselens proteins.

Top: Four 1024 x 1024 imge sadks wee assembled as describedigbre 1) to brm a continuous, highesolution
immunofluoescence data set extending over half the rat lens radius. Tige #maws cell memianes labeled with wheat
germ aggdlutinin conjugated to AlexaFluor 350High-magnification imaes of he proteins (A-l) wer extracted from the
approximate locations designated with white boxes w ganges in their distribution as a function of &hell age

A-C: The gap junction protein Cx46 formsdarpgaques on the broad sides of &lells near the lens periphenyith small
punctate plaques on the narrow sides (A). Afietls ege hey become ounder the lage paques become smaller (B),
and thg fragment and disperse around the cell membrane by the timeehehr/a 0.7 (C).

D-F: The GLUT3 glucose transporter protein labels the cytoplasm of peripheraldilis (D) but this signala-locates
predominantly to the narrow sides of the cellg/fay 0.8 (E); later at r/a 0.7, GLUT3 signal is widely distributedaamd
the rounded fite cell membranes.

G-I: The membrane protein MP20 is distributed in a granular pattesembling cytoplasmic vesicles, from the lens
periphery tor/a [0.7 (G, H), wheg it is rapidly tageted to the plasma menane (I). Scale ba: Top, 50 um; A-C, D-F
and G-I, 5um.

confocal microscop These experimentswvealed diferent more uniform pattern in the deeper fibre cells, consistent
patterns of cell-cell coupling at different radial locations. Invith the differentiation-dependent remodeling ofpg
peripheral fibre cells, where tg broad side plaques junction plaques. It appears, then, that the structureapf g
predominate, dye difsion occurred primarily in a radial junctions is modified by precise connexin processing and
direction (Figure 3B). In contrast, at locations/dmed the plaque remodeling, which create functional specializations
zone of nuclear loss, where plaques were distributed manesub-rgions of the agan and allov the maintenance of
evanly around the fibre cell membrane, the pattern déns circulation, homeostasis and transparenc

fluorescein diffusion was approximately isotropic (Figure

3C). Thus the local pattern of intercellular coupling

changed from a radial direction in the lens periphery to a
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Figure 3. Novel insights gained from an image-based
approach to lens function.

A: Precisein situ localization of two cleavge ones of
Cx46, in relation to fike cell differentiation marlers. wo
antibodies, specific to the cytoplasmic loop or the carboxy
terminus ‘tail’ of Cx46, we used to label rat lens sections
by immunofluascence Fluorescence signal density was
imaged and quantified using a two-photon nascope and
custom-written softwar The density of memane signal
from the Cx46 tail antibody declined rapidly in two dis-
crete zones located ata [0.9 and[D.7, while the Cx46
loop antibody signal remaineelatively constant, indicat-
ing cleavge d the carboxy tail in the two zones, with
retention of the rest of the protein in the meanta The
solid and dotted horizontal lines designate the locations of
axially clustered or dispersed fibell nuclei, espectively,
preceding complete nuclear degradation.

B, C: Position-dependent patterns of local cell-cell cou-
pling in the rat lens ewealed by dye &msfer Two-photon
flash photolysis was used to optically releasgedafluo-
rescein within individual fike cells. Simultaneousonfo-
cal imaging of the time cose of dye diffusionerealed
that cell coupling was gdominantly in a radial dection

at the lens periphery (B) but was raasotopic deep in the
lens ¢(/a <0.7; C). These patterns calate with the sub-
cellular distributions of gap junction hannels in the
respective areas.

D, E: Restricted dye diffusion into the lens. Cudtinat
lenses wer incubated for 4 howrin Texas Red-detran (D)

or Lucifer yellow (E), then fixed, sectioned and geta
Both dyes penedted the lens via thexgacellular space to

a depth of only400 ym, corresponding to the zone of
nuclear degradation.

F, G Antibodies to MP20 wer goplied to lens sections
following dye treatment as in (D) for 18 heutmmunofiu-
orescent imaging of the sections showed that localization
of MP20 to the cell membranes ocswat a cepth core-
sponding to the limit ofxéracellular dye diffusion (Fred,
Texas Red-dextran; green, MP2G; high-magnification
view), sugyesting a possible role for MP20 in this ‘flif
sion barrier’. Scale bars: B,C, %m; D-F 50 um; G,
10 um.

and diferentiating fibre cells are capable of oxidati
phosphorylation, while the mature fibre cells, having lost
their mitochondria, must rely solely on glycolysis for

Glucose is the principal fuel used by the lens t@negy productiod. The lens is bathed by the agqueous
support growth and homeostdéisin the lens, epithelial 1ymor which contains glucose \lels that mirror those in
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the plasma. Hence, lens cells near the periphery &tmess cells'*25 and more recently it was stva that MP20 acts as
to an alindant supply of glucose, while the supply of ligand for @lectin-3%6, a known modulator of cell-cell
glucose to the deeper-lying fibre cells islikto be limited adhesion in other tisst€sThese results are consistent with
by a decreasing glucose gradientwdeer, the circulating a role for MP20 in cell-cell adhesion, Wwever, the precise
current is thought to create a net flux of solutes thable of MP20 in lens structure, and its impact on lens
generates an extracellular fluid vitb'’, which in turn function, hae yet to be determined.
conveys rutrients tevard the deeper-lying fibre cells by Using image-based immunofluorescent mapping, we
adwection. Thus, from the model one might predict thadissessed the relati dstributions of MP20 and another
both the peripheral and deefiging cells would be xposed akundant membrane protein, the water chanr@P8, as a
to external glucose, though atfdifent concentrations, and function of fibre cell diferentiation. V& found that MP20,
might express glucose transporterg. &ldress this issue we but not AQPO, is inserted into the fibre cell membranes at
performed a molecular profiing of GLUT isoformthe stage when the cells lose their nifcl&Ve showed that
expression in the rat leffs We found that epithelial cells while MP20 labeling is intracellular in the younger fibre
express GLUT1 while cortical fibre cellsxgress the cells of the corte it redistributes to the plasma membranes
higher-afinity GLUT3 isoform. This differential)@ression as the cells mature (Figure 2G-l). Furthermore, the
pattern is consistent with the probable glucoseedistritution from the cytoplasm to the plasma membrane
environments these cells argpwsed to. In epithelial cells, is relatvely rapid and occursver a small number of cell
the expression of GLUT1 appears to determine that the Kayers. If MP20 is indeed an adhesion molecule then the
of the glucose transporter is appropriate for the glucogesertion of MP20 into the membranes of mature fibre cells
concentration in the aqueous humior cortical fibre cells, might be expected to increase adhesion between the cells.
the lower K of GLUT3 is likely to be more appropriate for This suggested to us the possibility that upon insertion of
extracting glucose from thextracellular fluid, which at this MP20, the gtracellular space might becomefegtively
distance into the lens shouldvieaa elatively low glucose smaller or more tortuous, restricting extracellulafudibn
concentration. of molecules deeper into the lens fEst this lypothesis,
Subsequent analysis of GLUT3 expression using owe ogan-cultured lenses in the presence o fluorescent
high-resolution image mapping approachvesded an exracellular space markersexas Red-dextran (MW 10
intriguing pattern. Near the lens periphe§LUT3 was kDa) and Lucifer yellow (MW 456 Da), for warying times.
located in the cytoplasm of fibre cells (Figure 20Jt Wwith  Regardless of the incubation period (2 to 18 hour®xab
increasing depth into the lens, GLUT3 labeling becaniRed-datran diffusion into the lens only occurred up to a
associated with the membrane, suggesting that GLUTBstance of some 400m in from the capsule (Figure 3D).
undepgoes a differentiation-dependent membrane insértiorThis consistencin the depth of tracer penetration obsetv
Interestingly this membrane insertion of GLUT3 aw at all time points indicated that theexfis Red-deran
initially targeted to the narvesides of fibre cell membranes movement via the extracellular spaceasvnot difusion-
(Figure 2E). Then at a later stage of fibre celimited, but restricted by a physical barrién support of
differentiation, GLUT3 became more uniformly dispersethis, the extracellular diffusion of the smaller molecular
around the entire cell membrane (Figure 2F). The dispersedight dye, Lucifer yellw, dso became restricted at
of GLUT3 from the narny sides to the rest of the around the same depth (Figure 3E). This indicates that the
membrane appears to coincide with dispersal of dge gbarrier to etracellular diffusion has a molecular weight cut-
junction plaques which are initially located on the broadff of at most 450 Da. Subsequent immunolabelling with
sides of fibre cells (Figure 2A-C). This obsaien MP20 antibodies of sections desil from a lens incubated
reinforces our impression that the distinct sub-domains of Texas Red-detran for 18 hours indicated that the barrier
fibre cell lateral membranes are lost during the course tf extracellular diffusion coincides with the zone where
differentiation. Our findings also suggest that GLUT3 iMP20 is inserted into the membrane (Figure GF Thus
initially produced in the youngemeripheral fibre cells the insertion of MP20 correlates with the formation of a
(which are capable of protein synthesis) and can be stodiffusion barrier that restricts the furthextracellular
in the gtoplasm until a differentiation-dependent signamovement of tracer dye molecules into the lens core. These
triggers its insertion into the membrane. results are consistent with the wiéhat membrane insertion
of MP20 contrilutes to the establishment of interactions
between adjacent fibre cells, which act in the lens to limit
the mavement of molecules via the extracellular space.

Fibre eell adhesion: MP20 membrane insertion and
extracellular diffusion

Membrane insertion would appear to be a commoBynclusions and future challenges
phenomenon in the lens. High-resolution mapping of the
distribution of the second most abundant lens membrane  Our adoption of a functional imaging approach to
protein, MP20, reealed that lile GLUT3 it undegoes a investigate ley components of the lens microcirculation
differentiation-dependent membrane insertion. Despite igstem has reaped unforeseen insights into lens bidlogy
relative @undance, the function of MP20 in the lens is stilappears that the lens adopts a number of gtesteto
not definitvely known. MP20 has been implicated as ecompensate for the inability of its older anucleate fibre cells
component of membrane junctions between lens fibte synthesise me membrane proteins. These stoiés

Proceedings of the Australian Physiological and Pharmacological Society (2004) 117



Functional imaging in the lens

involve the processing, redistribution and feiential
tamgeting of proteins as fibre cells age. The gap junction
proteins Cx46 and Cx50 undergo specificfedéntiation- 5.
dependent post-translational modifications that reweir
cytoplasmic tails: eents which cause a loss of junctional
pH sensitiity and which bracket (temporally and spatially)
a dramatic redistribtion of gap junction plaques. This
redistritution correlates with a major redirection of theg.

local cell-cell coupling which underpins the lens
microcirculation system. In a similar e, the
differentiation-dependent expression of glucose

transporters, which tgets the GLUTL1 isoform to epithelial
cells and the GLUT3 isoform to cortical cells, appears to.
match transporter fifiity with local glucose ailability. In
order to achiee tis, GLUT3 undergoes insertion into fibre
cell narrev side membranes, apparently from a pre-
designated cytoplasmic pool. lekGLUT3, MP20 also
undegoes a membrane insertionent, kut at a later stage 8.
of fibre cell differentiation, suggesting that the signals
responsible for the insertion of these otwnembrane
proteins are different. Insertion of MP20 correlates with the
formation of an extracellular diffusion barrieffaken
togetherour results she that as fibre cells mature and their9.
ability to synthesise memembrane proteins is lost, the lens
deplogys a panoply of post-translational processing and
targeting mechanisms to enable fibre cells to meet the

physiological challenges associated with being buriest e 10.

deeper in the lens mass.
Since the lens is continually addingangbre cells at

its equatarit is interesting to speculate that establishing antil.

maintaining spatial differences in membrane transport
proteins is an intgral part of the fibre cell ddrentiation

programme. Having deloped image-based methods tol2.

precisely map, with high resolution, spatial changes in
membrane protein distribution, the xechallenge is to
identify the diferentiation signals that trigger theery
precise changes we \ledsened. If this is achieed, the
lens will not only be anxeellent model system in which to
study generic aspects of cell fdifentiation but could also
become a unique system in which to studywho
differentiation processes modulateerall tissue function.
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