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ABSTRACT A 70,000-D membrane protein (MP70), which is restricted to the eye lens fibers 
and is present in immunologically homologous form in many vertebrate species, has been 
identified. By use of anti-MP70 monoclonal antibodies for immunofluorescence microscopy 
and electron microscopy, this polypeptide was localized in lens membrane junctional domains. 
Both immunofluorescence microscopy and SDS PAGE reveal an abundance of MP70 in the 
lens outer cortex that coincides with a high frequency of fiber gap junctions in the same 
region. 

Intercellular membrane junctions in the vertebrate eye lens 
have attracted much research interest for several reasons. (a) 
Only young fiber cells at the lens periphery (outer cortex) 
display full metabolic activity, whereas protein synthesis in 
the older fibers in the lens nucleus is negligible (61). Extensive 
electrophysiological coupling (5 l) and metabolic cooperation 
(21) have been demonstrated in the lens, and it has been 
postulated that cortical fibers control homeostasis throughout 
the lens (54), presumably via intercellular communicating 
membrane junctions. (b) Membrane junctional domains ap- 
pear important in maintaining the highly ordered arrange- 
ment of lens fibers and in minimizing extracellular space (37). 
(c) In many forms of lens cataract, the fiber membrane protein 
composition and membrane functions are altered (19, 54, 55, 
58, 59). In fact, recent electron microscopy data suggest a 
pathogenic decrease of fiber gap junctions (39, 59) and reveal 
significant distortions of membrane-joining devices in cata- 
ractous lenses (13, 14). 

Three different types of membrane junctional domains 
have been characterized in the vertebrate eye lens. (a) Fiber 
gap junctions are abundant in the lens cortex (3, 4, 7, 20, 36, 
37, 40, 50) and have been isolated in many laboratories (3, 7, 
16, 20, 26, 38, 46). These lens fiber gap junctions are believed 
to maintain extensive low resistance pathways in the eye lens 
(20, 21). Despite structural similarities between lens fiber gap 
junctions and the well studied liver gap junctions, the former 
show some distinct features. For example, connexons in iso- 
lated lens fiber gap junctions are normally arranged in a 
noncrystalline order (20, 26, 38, 46) but may be crystallized 
by in vitro manipulations (34, 48, 49). Fiber gap junctions 
often do not reveal a gap in thin-sectioned material (18, 26, 
46, 47) and appear as pentalaminar membrane structures of 

16-17-nm overall thickness. Despite this, we prefer to use the 
term gap junctions to describe this structure, because the term 
is well used and understood. The main intrinsic polypeptide 
(MIP)' with an apparent molecular weight of 26,000 is gen- 
erally believed to be the major component of fiber gap junc- 
tions (4, 9, 20, 26, 3 l, 32, 38, 46, 53). However, no homology 
has been detected between MIP and the liver 28,000-D gap 
junction component (15, 25, 26, 46). More recently, by use 
of immunoelectron microscopy, MIP has also been localized 
in nonjunctional membrane regions (5, 18, 47). In one case, 
anti-MIP antibodies failed to bind to lens fiber gap junctions 
but did recognize MIP in single membrane areas (47). (b) A 
second type of lens plasma membrane junctional domain also 
appears pentalaminar but is significantly thinner (12-13 nm 
overall thickness) than fiber gap junctions in thin sections and 
has therefore been referred to as a thin junction or close 
membrane apposition (3 l, 44, 47, 64). Electron microscopy 
data demonstrate that thin junctions have a similar undulat- 
ing appearance and a similar distribution to that of lens square 
arrays, which suggests they are the same structure (44, 64). 
However, these protein arrays are mostly found in only one 
of the closely apposed membranes (22, 44), and their com- 
municating capability has been questioned (22, 33, 44). Fur- 
thermore, thin junctions have been described that labeled 
with anti-MIP antibodies on only one of the two opposed 
membranes (47). SDS PAGE analysis of purified bovine 

1 Abbreviations used in this paper." buffer A, a solution of 5 mM Tris 
pH 8.0 and 1 mM EDTA; buffer B, a solution of 100 mM Na 
cacodylate pH 7.4; buffer C, a solution of 10 mM Tris pH 8, 1 mM 
EDTA, and lO0 mM NaC1; MIP, main intrinsic polypeptide; MP70, 
a 70,000-D membrane protein restricted to eye lens fibers. 
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square arrays also revealed MIP as the principal component 
(64). (c) The fiat, hexagonally shaped fibers in the lens cortex 
appear to be held together by so-called ball and socket mem- 
brane structures ( 13, 14, 36). These interdigitating membrane 
domains are predominantly located at the comers of the 
hexagonal fiber cross-section profile (13, 37). Ball and socket 
membranes contain MIP as demonstrated by immunofluo- 
rescence microscopy (47). 

In a search for junctional membrane proteins other than 
the apparently ubiquitous MIP, we have made a library of 
monoclonal antibodies directed against proteins associated 
with urea-extracted lens cortical plasma membranes. We have 
isolated two hybridoma lines that secreted antibodies specific 
for lens membrane junctional domains. The antigen appears 
to be the same in both cases and its apparent molecular weight 
is 70,000 (MP70). The data suggest that MP70 is a component 
of  the fiber gap junctions. 

MATERIALS AND METHODS 

Membrane Isolation: Sheep lenses were extracted from the eyes of 
animals that were less than 1 year old within minutes of death and were kept 
on ice. After decapsulation, they were dissected into a cortical and a nuclear 
fraction and stored frozen at -80°C. We designated as cortex the outer portion 
of the lens, which remained transparent upon chilling on ice, whereas the lens 
nucleus was more compact and became opaque when cooled (23). 

For plasma membrane isolation, cortical and nuclear tissue from 100 lenses 
were homogenized separately (90 s full speed, VirTis Co., Inc., Gardiner, NY) 
in 200 ml 5 mM Tris pH 8.0, I mM EDTA, 5 mM fl-mereaptoethanol. After 
pelleting for 30 min at 8,000 rpm in a Sorvall GSA rotor (Beckman Instruments, 
Inc., Fullerton, CA), the crude membranes were washed 3-5 times in 5 mM 
Tris pH 8.0, I mM EDTA (buffer A). To remove matrix proteins from this 
crude plasma membrane fraction, pellets were first extracted with 4 M urea, 5 
mM Tris pH 9.5, 1 mM ED'I-A, followed by one or two extractions with 7 M 
urea in the same buffer. The urea-insoluble material was centrifuged for 60 
rain at 24,000 rpm in an SW27 Beckman rotor (Beckman Instruments, inc.) 
and the pellet resuspended in 4 ml buffer A. To this, 12 ml 67% sucrose in 
buffer A was added, and 8 ml was underlayered in each of two sucrose density 
gradients with 45, 25, and 8% steps. The gradients were spun for 60 rain at 
24,000 rpm in a SW27 rotor. Lens membranes were collected at the 25/45% 
interface and washed free of sucrose with buffer A. Protein concentrations were 
measured according to Lowry et al. (45). To all solutions, aprotinin (Sigma 
ChemicaI Co., St. Louis, MO)at  l:l,000-fold dilution and 0.1 mM phenyl- 
methylsulfonyl fluoride were added. All procedures were carried out at 4'C. 

Antibody Production: Polyclonal antibodies against MIP were raised 
in rabbits. To purify MIP, 2-3 mg urea-insoluble membrane proteins were 
separated by preparative SDS PAGE (10%). MIP was identified by incubation 
of the gel with 0.5 M KC1, and the band was cut out and analyzed for purity 
by SDS PAGE. Rabbits were injected intramuscularly with ~0.5 mg MIP in 
crushed gel at 4-wk intervals (complete Freund's adjuvant first injection, 
thereafter in PBS). The rabbits were bled at days 12 and 20 after each boost. 
Antibodies were further selected for M1P specificity by affinity purification on 
a column of Sepharose 4B (Pharmacia Inc., Piseataway, N J) conjugated with 
SDS PAGE purified MIP (47). 

For monoclonal antibody production, 2-rap-old Balb/c mice were immu- 
nized with 0.5 mg urea-extracted cortical lens membranes in complete Freund's 
adjuvant and boosted 4 wk later with the same amount in incomplete adjuvant. 
8 wk after initial immunization, the same amounts of antigen in PBS were 
injected on three consecutive days (57). All injections were intraperitoneal. 2 d 
later, spleen ceils from immunized mice were fused with NS-I myeloma cells 
and directly cloned by limiting dilution according to established methods (17, 
56). 

Screening for Lens Membrane Protein Specificity: 
Hybridomas were first screened for specificity against lens membrane proteins 
by radioimmunoassay. Briefly, urea-extracted membranes from lens cortex 
were adsorbed 50 #l/well to polystyrene microtiter dishes (lmmunoplate IIF, 
Nunc, Roskilde, Denmark) at 0.2 mg/ml in phosphate-buffered saline (PBS) 
overnight at 4"C. Subsequent to blocking the wells with 10% calf serum and 
2% bovine serum albumin (BSA) in PBS, 50-~1 aliquots of hybridoma super- 
natants were reacted with the immobilized membranes for I h at 37"C. 
Unbound antibodies were removed by several rinses with PBS, and the plates 
then incubated with 50 ul/well 0.5 #Ci/ml anti-mouse Ig J251(Fab')2 (Amer- 
sham Corp., Arlington Heights, IL) in PBS for 1 h at 37*(?. The plates were 

washed with PBS several times, dried, and exposed at -80"C onto Cronex 4 X- 
ray film (DuPont Co., Wilmington, DE) using intensifying screens (43). 

Radioimmunoassay positive hybridomas were further screened by immu- 
noblotting. Urea-insoluble lens membrane proteins were separated by SDS 
PAGE using 20-cm wide sample slots and transferred to BA 85 nitrocellulose 
sheets (Schleicher and Schuell, Inc., Keene, NH) according to Bowen et al. (10). 
5-mm-wide strips thereof were used to test individual hybridoma supernatants 
as described in the section below. Those hybridomas that were found positive 
in both assays were once more subcloned by limiting dilution cloning to ensure 
their monoclonal character. From four fusions, we isolated 21 hybridoma lines 
that secrete antibodies against lens membrane proteins. Antibodies from this 
collection recognized I 1 different proteins on immunoblots. Antibodies from 
two hybridomas (from separate fusions hut recognizing the same protein) were 
found specific for fiber membrane junctional domains as assayed by immuno- 
fluorescence microscopy and immunoeleetron microscopy. 

SDS PAGE and lmmunoblotting: SDS PAGE was performed 
according to established methods (42). Approximately 90 ~g lens membrane 
proteins were solubilized in 50 #1 sample buffer at room temperature immedi- 
ately before loading the gels. Boiling the samples led to irreversible aggregation 
of MIP (12, 63). lmmunoblotting was carried out according to Towbin et al. 
(60) and Renart et al. (52) with the modifications described in Kistler et al. 
(35). 

Immunof luorescence Microscopy: The antigen distribution in 
lens plasma membranes and throughout the lens tissue was mapped by im- 
munofluorescence microscopy. 10-18-#m thick cryostat sections of lens were 
dried on glass coverslips. Fixation with 2% formaldehyde (made fresh from 
paraformaldehyde) in PBS for 15 min was followed by several rinses in PBS. 
100-150 #1 hybridoma supernatant was applied to tissue sections for I h, 
unbound antibodies were removed by several PBS washes, and the bound 
antibodies were labeled with fluorescein isothioeyanate-conjugated sheep anti- 
mouse Ig antibodies (Serotec Ltd., Oxon. England) at 1:60 dilution in PBS in 
the dark for 1 h. Excess antibodies were removed by washing in PBS, sections 
were mounted in 50% glycerol in PBS, and 10 mM p-phenylenediamine was 
added as an antifading agent (30). All procedures were carried out at room 
temperature. Specimens were observed in either fluorescence or Nomarski 
mode, and micrographs were recorded on Kodak Tri-X Pan 400 film. 

Electron Microscopy and lmmunocytochemistry: 
Immunogold and immunoperoxidase labeling methods were used to visualize 
the distribution of antigens in lens plasma membranes. Urea-extracted cortical 
membranes were reacted with hybridoma supernatant for 2 h at room temper- 
ature followed by three washes with 10 mM Tris pH 8, 1 mM EDTA, 100 mM 
NaCI (buffer C). Bound antibodies were labeled with 5-nm colloidal gold coated 
with anti-mouse lg antibodies (Janssen Pharmaceuticals, Schiphol, Nether- 
lands) at 1:5 dilution in buffer C for 2 h. Before labeling, the gold was recycled 
as follows: larger gold aggregates were removed from the colloidal gold solution 
by pelleting (microfuge I0 rain), and free antibodies were removed with the 
supernatant after centrifugation at 20,000 rpm for 2 h (Sorvatl SS-34 rotor, 
Beckman Instruments, Inc.). Labeled membranes were washed free of unbound 
immunogold particles and fixed and embedded as below. Alternatively, bound 
antibodies were labeled with horseradish peroxidase-conjugated anti-mouse Ig 
(Fab')2 (Amersham Corp.) at 1:200 dilution in PBS pH 7.2 for 2 h. After 
removing unbound immunoconjugates, the membranes were reacted for 20 
rain with substrate solution that was freshly prepared as follows: 35 mg 4- 
chloro-l-naphthol was dissolved in 300 #1 ethanol and added to 100 ml PBS 
that contained 100 ul 30% H202. A white precipitate formed that was removed 
by filtration. After incubating the labeled membranes with substrate, mem- 
branes were washed twice in PBS, and further processed as below. 

Antibody-labeled lens plasma membranes were washed in 100 mM Na 
cacodylate pH 7.4 (buffer B) and then treated in the following sequence (room 
temperature) with 3% glutaraldehyde in buffer B for 15 rain, 3% glutaraldehyde, 
and 1% tannic acid in buffer B for 30 rain, three washes in buffer B, 2% OsO4 
in buffer B for 30 min, three washes in buffer B, and two washes in H20. The 
fixed material was dehydrated and embedded in Epon according to established 
methods. 

Specimens were viewed with a Philips 301 electron microscope (Philips 
Electronic Instruments, Inc., Mahwah, N J) operating at 60 or 80 kV. A 50-urn 
objective aperture was used, and photographs were recorded on Kodak 4489 
electron microscope film. 

RESULTS 

Antibody Labeling of Lens Fiber 
Membrane Domains 

A collection of monoclonal antibodies that together recog- 
nized 11 different protein bands on immunoblots of urea- 
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extracted lens fiber membranes has been screened for mem- 
brane labeling by immunofluorescence microscopy on sheep 
lens cryosections. Labeling experiments with antibodies other 
than those from two particular hybridomas resulted in a 
continuous, fluorescent plasma membrane staining of lens 
fibers. Antibodies from hybridoma lines 6-4-B2-C6 and 1-B- 
B1-A5, however, were specific for distinct membrane do- 
mains. The staining patterns were identical for antibodies of 
both hybridomas, except that the membrane staining with 
antibodies from line 6-4-B2-C6 was more intense. The do- 
main specificity of the latter antibodies is revealed in a gallery 
of fluorescence micrographs of sheep lens. Cross-sectioned 
fiber cells have a flat, hexagonal shape and are tightly ordered 
in a honeycomb pattern, each cell having two broad and four 
narrow sides (Fig. i a). Although not resolved in the light 
microscope, ball and socket structures at the comers interlock 
with adjacent cells (13). In fluorescence mode, 6-4-B2-C6 
derived antibodies bind preferentially to the broad sides and 
less so to the narrow sides as seen in edge-on views in a 
direction parallel to the fiber long axis (Fig. 1, a and b). In a 
different tissue orientation, in which the broad sides are 
viewed edge-on and in a direction at right angles to the fiber 
long axis, elongated fluorescent spots are seen in rows corre- 
sponding to the fiber cell width (Fig. 1, c and at). When the 
broad sides are viewed face-on, the elongated fluorescent spots 
in Fig. 1, b and d are now resolved as macular fluorescent 
patches (Fig. 1, e and f ) .  

Using 6-4-B2-C6 derived antibodies and immunofluores- 
cence microscopy on mouse lens cryosections, the domain- 
specific membrane labeling was most prominant in the outer 
cortex (Fig. 2). Towards deeper lens regions the punctate 
fluorescence pattern converted to a more continuous and 
generally less intense membrane staining. 

Domain-specific membrane staining was also observed in 
the lens outer cortical region of calf, chicken, and toad. No 
fluorescence signal was recorded for lens epithelium, brain, 
heart, and liver (tested for mouse and sheep). The domain 
specificity thus appears to be limited to lens fiber plasma 
membranes. 

Identification of a Fiber Membrane 
Domain Protein 

As the lens is avascular and fibers are devoid of cellular 
organelles, the washing of lens tissue homogenates with buffer 
directly gave a crude plasma membrane fraction. However, 
cytoskeletal proteins and some crystallins remained associated 
with the membranes and were removed by solubilization in 
urea (1, 8, 12, 20). SDS PAGE of urea-extracted lens plasma 
membranes revealed the relative enrichment of MIP and the 
urea-insoluble membrane-associated 34,000 and 36,000-D 
polypeptides. Also enriched and therefore representing inte- 
gral or strongly bound peripheral membrane proteins were 
the polypeptides with apparent molecular weights of 18,000, 
64,000, 70,000, 140,000, and 200,000 (Fig. 3, b and c). In 
contrast to these, several major proteins in buffer-washed 
membranes were reduced to trace amounts upon urea treat- 
ment and are presumably components of the membrane- 
adhering cytoskeletal material. 

Changes in the protein pattern of fiber cell membranes 
between lens cortex and nucleus have been associated with 
the phenomena of fiber maturation and aging (27, 28). A 
comparison of gel lanes in Fig. 3, c and d reveals differences 
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in Coomassie Blue-stained bands between urea-extracted 
membranes of cortex and nucleus. In particular, the mem- 
brane proteins with apparent molecular weights of 70,000 
and 64,000 are significantly weaker in lens nucleus. The 
amounts of MIP are approximately equal in both tissue 
regions. 

Protein patterns of lens membranes were sometimes com- 
plicated by MIP forming oligomers upon sample preparation 
for SDS PAGE. Immunoblotting analysis of gel lanes, as 
shown in Fig. 3, b, c, and d using affinity purified anti-MIP, 
showed that when samples had been solubilized at room 
temperature immediately before loading the gels, no MIP 
oligomers could be detected (Fig. 3, e, f, and g). Therefore, 
proteins like MP64 and MP70 that migrate to about the 
trimer position of MIP are unrelated to the lens fiber main 
intrinsic polypeptide. Monoclonal antibodies derived from 
hybridomas 6-4-B2-C6 (Fig. 3, h, i, and j)  and I-B-BI-A5 
(data not shown) labeled both MP70 and MP64. The latter is 
most likely a limited proteolysis product of MP70, and we 
will refer to this antibody specificity simply as anti-MP70. 
Little or no MP70 was detected in urea-extracted fiber mem- 
branes from the lens nucleus. This is consistent with the 
immunofiuorescence microscopy that revealed a gradual loss 
of membrane staining intensity towards deeper regions of the 
mouse lens (Fig. 2). 

In summary, MP70 is an integral or strongly bound periph- 
eral membrane protein of lens fibers. MP70 is localized in 
distinct, macular plasma membrane domains preferentially 
on the broad sides of fibers in the lens outer cortex. 

MP70 Is a Component of Lens 
Membrane Junctions 

Immunoelectron microscopy was used to characterize 
MP70-specific fiber plasma membrane domains. Urea-ex- 
tracted membrane fractions from sheep lens cortex used for 
anti-MP70 labeling contained both single membranes and 
membrane junctions. The latter appeared as pentalaminar 
structures in thin sections. However, we have never observed 
thin and thick junction profiles in continuous lengths of the 
same pair of membranes. We have also isolated junction-rich 
membranes from total bovine lens by using the same proce- 
dure. With this material, we also failed to see continuous thin 
and thick pentalaminar structures. This contrasts with the 
work of Paul and Goodenough (47). Therefore, we cannot 
firmly assign these double membrane structures to either the 
thick fiber gap junctions or to the thin close membrane 
appositions. Anti-MP70 antibodies bound preferentially to 
these pentalaminar membrane regions, as can be shown after 
secondary labeling with immunogold (Fig. 4, a and b) or with 
peroxidase-conjugated anti-mouse Ig antibodies (Fig. 4, dand 
e). Unfortunately, much of the membrane-bound gold was 
lost during sample preparation for electron microscopy as has 
previously been reported by others ( 15, 29). However, a light 
fuzz due to bound antibodies was seen on both sides of 
pentalaminar structures, and often membrane junctions ap- 
peared cross-linked in small stacks via antibodies (Fig. 4 b). 

Anti-MP70 antibodies bound to membrane junctional re- 
gions were better visualized by the immunoperoxidase 
method. Both sides of the pentalaminar profiles showed sig- 
nificant amounts of peroxidase-derived osmiophilic precipi- 
tate (Fig. 4, d and e), whereas single membranes appeared 
unlabeled. 
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FIGURIE I Nomarski (a, c, and e) and immunofluorescence (b, d, and f) microscopy of anti-MP70-labeled sheep lens cortical 
tissue. (a and b) Fiber cells cross-sectioned. The stronger fluorescence indicates preferentially labeled membrane domains on 
broad sides. (c and d) Fiber cells sectioned longitudinally, showing edge-on views of broad sides. (e and f) Fiber cells sectioned 
longitudinally, looking onto broad sides. Fluorescent macular patches represent preferentially labeled membrane domains on the 
broad sides. Bar, 20/~m. x 600. 
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FIGURE 2 Immunofluorescence microscopy of mouse lens using anti-MP70 and fluorescein isothiocyanate-conjugated ant i -  
mouse Ig antibodies. The strong punctate fluorescence pattern in the outer cortex converts to a generally weaker and more 
homogenous membrane labeling pattern in the deep cortex. The lens periphery has been distorted during cryosectioning. Bar, 
20 ~m. x 600. 
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FIGURE 3 10% PAGE of sheep lens plasma membrane proteins 
and identification of MIP and MP70 by immunoblotting. (a) Markers 
from top, mol wt x 103: 205, Myosin; 116, /~-galactosidase; 97, 
phosphorylase B; 66, BSA; 45, ovalbumin; 36, glyceraldehyde-3- 
phosphate dehydrogenase; 29, carbonic anhydrase; 24, trypsino- 
gen; 20, soybean trypsin inhibitor; 14, a-lactalbumin. (b) Buffer- 
washed plasma membranes from lens cortex. (c) Urea-extracted 
plasma membranes from lens cortex. (d) Urea-extracted plasma 
membranes from lens nucleus. (e, f, and g) Gel lanes corresponding 
to b, c, and d were transferred to nitrocellulose by diffusion and 
reacted with anti-MIP antibodies. (h, i, and j) Complementary 
nitrocellulose sheet (exact replica of e, f, and g) reacted with 
hybridoma supernatant 6-4-B2-C6. 

DISCUSSION 

MPT0 is a specific component of junctional domains in lens 
fiber membranes. Immunofluorescence microscopy reveals 
these domains as macular patches on the broad sides of 
cortical fiber cells. They are thus not likely to be part of the 
ball and socket structures that in sheep lens fibers are confined 
to the corners of the hexagonal profile (13). Most probably, 
MP70 is a component of either the close membrane apposi- 
tions or the fiber gap junctions. The former, also referred to 
as thin junctions, is most likely identical with the undulating 
square array regions observed in freeze-fracture replicas of 
fiber plasma membranes (44, 64). These square arrays are 
frequent in the deep cortex and nucleus (5, 22, 44), but only 
very small square array patches (<0.1 tzm 2) have been found 
in situ in the outer cortex (22, 44). In contrast, immunofluo- 
rescence microscopy revealed MP70-specific membrane do- 
mains highly abundant in the outer cortex and less so in the 
deeper lens regions. This renders a possible relationship of 
MP70 and thin junctions or square arrays unlikely. The fiber 
gap junctions are more likely to be identical with MP70- 
specific domains. In fact, freeze-fracture studies of lenses from 
various vertebrate species showed the fiber gap junctions to 
be highly abundant in the lens outer cortex region (references 
2, 4, 20, 37, 41, and our own unpublished data), coinciding 
with the high frequency of MP70-specific macular domains 
in the same lens region. Also, the fluorescent macular patches 
are 0.5-10 # m  2 in size similar to that of freeze-fractured sheep 
fiber gap junctions. By analogy, a similar macular fluorescence 
pattern has been reported for various tissues labeled with 

antibodies against the liver 28,000-D gap junction component 
(15, 24, 25). 

In dye transfer experiments using Procion yellow, radial 
rows of hexagonal fiber cells in the lens cortex became fluo- 
rescent after injury to the lens epithelium (see Fig. 12 in 
reference 2 l; see Fig. I a in reference 6). These images suggest 
that major pathways of intercellular communication are di- 
rected radially. This coincides with the preferential enrich- 
ment of MP70-specific junctional domains on the fiber broad 
sides. MP70-mediated intercellular communication in the eye 
lens thus appears plausible. 

A membrane protein with an apparent molecular weight of 
71,000, possibly identical with MP70, has previously been 
found in a study on polypeptide glycosylation in the mouse 
lens. This protein was however absent from fiber cell plasma 
membranes of cataractous lenses (19). Freeze-fracture elec- 
tron microscopy revealed a sharp decrease of fiber gap junc- 
tions in cataractous lenses of mouse (59) and rat (39). These 
results could possibly be linked by mapping the junction 
distribution in normal and cataractous lenses using anti- 
MP70 immunofluorescence microscopy. 

MIP, the most abundant membrane protein in lens, was 
initially believed to be domain specific. The question therefore 
arises as to whether the fiber membrane domains of MP70 
and MIP are related. It has been claimed that MIP is contained 
in various membrane domains: fiber gap junctions (4, 9, 20, 
26, 31, 32, 38, 46, 53), square arrays (64), and one membrane 
of close membrane appositions (47). Several laboratories now 
agree that MIP is also present in nonjunctional membrane 
regions throughout the lens (5, 18, 47). Using anti-MIP anti- 
bodies, one group failed to label fiber gap junctions, but the 
antibodies bound to nonjunctional MIP (47). We have found 
similar results to the latter by using polyclonal, affinity- 
purified anti-MIP antibodies for immunoelectron microscopy 
of isolated lens fiber membranes that showed single mem- 
branes predominantly labeled compared with fiber junctions. 
Also, immunofluorescence micrographs of anti-MIP labeled 
lens fibers published by Broekhuyse et al. (11) are comple- 
mentary to our Fig. I b, in that fluorescence is very strong on 
the narrow sides but weak or absent in the middle of the 
broad sides. There are two possible scenarios: (a) MIP26 is 
excluded from communicating fiber junctions. This would be 
in conflict with the immunolabeling data of several laborato- 
ries (5, 9, 18, 3 l); and (b) MIP is present in both the junctional 
and the nonjunctional membranes. In this case, the antisera 
produced by Paul and Goodenough (47), Broekhuyse et al. 
( l l) ,  and by ourselves recognize epitopes on nonjunctional 
MIP but not on junctional MIP. Particular epitopes may have 
been masked during junction assembly. However, it seems 
that MIP could only be a junctional component through the 
interaction with another protein that separates junctional 
from nonjunctional MIP. In fact, MP70 may select MIP for 
lens fiber gap junction assembly. 

Now that we have produced a monoclonal antibody that 
appears to be specific for a fiber gap junction protein, exper- 
iments of the type pioneered by Warner et at. (62) will now 
be feasible with the lens. This type of experiment would 
provide proof that fiber gap junctions are involved in inter- 
cellular communication in the lens. 

We thank R. and W. Hellaby Ltd. (Auckland, New Zealand) for the 
provision of sheep eye lenses, Dr. R. Bellamy and Mr. W. Chadderton 
for allowing us to use their tissue culture facilities, and Mr. G. 

KISTLER ET AL. AnUbodies to Lens Jtmctio al Domains 33 

 on D
ecem

ber 29, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


FIGURE 4 Immunogold (a, b, and c) and immunoperoxidase (d, e, and f) labeling of urea-extracted plasma membranes from 
sheep cortex. (a and b) Anti-MP70. Bound antibodies appear as faint fuzzy layers on both cytoplasmic faces of pentalaminar 
structures, but not generally on single membranes. Junctions are often found cross-linked by antibodies. Primary antibodies are 
further visualized by immunogold labeling, but much of the bound colloidal gold has been lost during dehydration and embedding 
(15, 29). (c) Same procedure as in a and b, but nonconditioned (i.e., without anti-MP70 monoclonal antibody) culture medium 
was used. (d and e) Anti-MP70. Antibodies are bound to both cytoplasmic faces of junctions and are enhanced by osmiophilic 
precipitates derived from the peroxidase-substrate reaction. Single membranes are generally not labeled. (f) Control with 
nonconditioned hybridoma culture medium. Bar, 100 nm. x 145,000. 

G r a y s t o n  fo r  e x c e l l e n t  t e c h n i c a l  a s s i s t a n c e .  W e  g r a t e f u l l y  a c k n o w l -  

e d g e  D r .  J.  C o n s i d i n e  fo r  g e n e r o u s  h e l p  w i t h  t h e  f l u o r e s c e n c e  m i -  

g e n e r o / J s  h e l p  w i t h  t h e  f l u o r e s c e n c e  m i c r o s c o p y .  

T h i s  w o r k  w a s  s u p p o r t e d  b y  Swiss  N a t i o n a l  S c i e n c e  F o u n d a t i o n  

G r a n t  N o .  83.  l 16 .0 .83  a n d  a N e w  Z e a l a n d  M e d i c a l  R e s e a r c h  C o u n c i l  

G r a n t .  

R e c e i v e d  f o r  pub l i ca t ion  30  N o v e m b e r  1984, a n d  in revised f o r m  18 
March  1985. 

REFERENCES 

1. Alcala, J., N. Lieska, and H. Maiscl. 1975. Protein composition of bovine lens cortical 
fiber cell membranes. Exp. Eye Res. 21:581-595, 

2, Benedetti, E. L., 1. Dunia, and H. Bloemendal. 1974. Development ofjunctions during 
differentiation of lens fibers. Proc. NatL Acad, Sci. USA. 71:5073-5077. 

3. Benedetti, E. L., I. Dunia, C. J. Bentzel, A. J. M. Vermorken, M. Kibbelaar, and H. 

Bloemendal. 1976. A portrait of plasma membrane specializations in eye lens epithelium 
and fibers. Biochim. Biophys. Acta. 457:353-384. 

4. Benedetti, E. L ,  I. Dunia, F. C. S. Ramaekers, and M. A. Kibbelaar. 1981. Lenticular 
plasma membranes and cytoskeleton. In Molecular and Cellular Biology of the Eye 
Lens. H. Bloemendal, editor. John Wiley & Sons, Inc., New York. 137-188. 

5. Benedetti, E. L., I. Dunia, D. N. Lien, O. Vallon, D. Louvard, and H. Bloemeodal. 
1984. On the assembly and structural modulation of lens fiber junctions. Proceedings 
of the 42rid Annual Meeting of the Electron Microscopy Society of America. G. W. 
Bailey, editor. San Francisco Press, Inc., San Francisco. 110-113. 

6. Bernardini, G., C. Peracchia, and R. A. Venosa. 1981, Healing-over in rat crystalline 
lens. J. Physiol. 320:187-192. 

7. BIoemendal, H., A. Zweers, F. Vermorken. L Dunia, and E. L. Benedetti. 1972. The 
plasma membranes of eye lens fibers: biochemical and structural characterization. Cell 
Differ. 1:91-106. 

8. Bloemendal, H. 1982. Lens proteins. CRC Crit. Rev. Biochem. 12:1-38. 
9. Bok, D., J. Dockstader, and J. Horwitz. 1982. Immunocytochemical localization of the 

lens main intrinsic polypeptide (MIP26) in communicating junctions. J. Cell Biol. 
92:213-220. 

10. Bowen, B,, J. Steinberg, U. K. Laemmli, and H. Weintrauh. 1980. The detection of 
DNA binding proteins by protein blotting. Nucleic Acids Res. 8:1-20. 

I 1. Broekhuyse, R. M, E. D. Kuhlmann, and H. J. Winkins. 1979. Lens membranes VII: 

34 THE JOURNAL OF CELL BIOLOGY . VOLUME 101, 1985 

 on D
ecem

ber 29, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


MIP is an immunologic.ally specific component of lens fiber membranes and is identical 
with 26K band protein. Exp. EyeRes 29:303-313. 

12. Broekhuyse, R. M., and E. D. Kuhlmann. 1978. Lens membranes IV. Preparative 
isolation and characterization of membranes and various membrane proteins from calf 
lens. Exp. Eye Res. 26:305-320. 

13. Brooks, H. V+ 1981, Studies on an inherited cataract of sheep. Ph.D. Thesis, Massey 
University, Palmerston North, New Zealand. 51 pp. 

14. Brooks, H. V., R. D. Jolly, and C. A. Paterson. 1983. The pathology of an inherited 
cataract of sheep+ Curt. Eve Res. 2:625-632. 

15. Dermietzel, R., A. Leibstcin, U. Frixen, U+ Jaassen-Timmen, O. Traub, and K. Willeeke. 
1984. Gap junctions in several tissues share antigenic determinants with liver gap 
junctions. EMBO (Eur. Mol, Biol. Organ.)J. 3:2261-2270. 

16+ Dunia, I., C. Sen Ghosh, E. k Banedetti, A. Zweers, and H. Bloemendal. 1974. Isolation 
and protein pattern of eye lens fiber junctions. FEBS (Fed. Eur Biochem. Soc.) Left. 
45:139-144. 

17. Fazekas de St. Groth, S., and D. Seheidegger. 1980. Production of monoclonal antibod- 
ies: strategy and tactics. J. Immunol. Methods. 35:1-21. 

18. Fitzgerald, P. G,, D. Bok, and J. Horwitz. 1983. lmmunocytochemical localization of 
the main intrinsic polypeptide (MIP) in ultrathin frozen sections of rat lens. J. Cell BioL 
97:1491-1499. 

19. Garadi, R., V. N. Reddy, P. F+ Kador, and T. H. Kinoshita. 1983. Membrane glyeopro- 
teins of Philly mouse lens. lnvest. Ophthalmol. & Vis. Sci 24:1321-1324. 

20. Goodenough, D. A. 1979. Lens gap junctions: a structural hypothesis for non-regulated 
low resistance intercellular pathways. Invest. OphthaL & Vis ScL 18:1104-1122. 

21. Goodenough, D. A., J. S. B. Dick II, and J. E. Lyons. 1980. Lens metabolic cooperation: 
a study of mouse lens transport and permeability visualized with freeze-substitution 
autoradiography and electron microscopy..L Cell Biol. 86:576-589. 

22. Gourdie, R. G., and S. Bullivant. 1983. The square array of the calf eye lens fiber cell 
plasma membrane. Z CellBiol. 97 (5, Pt. 2):84a. (Abstr.) 

23. Gulik-Krzywicki, T., A. Tardieu, and M. Delaye. 1984. Spatial reorganization of low 
molecular weight proteins during cold cataract opacifieation. Biochim. Biophys. Acta, 
800:28-32. 

24. Hertzberg, E. L+ 1984. A detergent-independent procedure for the isolation of gap 
junctions from rat liver. J. Biol. Chem. 259:9936-9943. 

25. Hertzberg, E. L., and R. V. Skibbens. 1984. A protein homologous to the 27,000 dalton 
liver gap junction protein is present in a wide variety of species and tissues. Cell. 39:61- 
69. 

26. Hertzberg, E. L., D. J. Anderson, M. Friedlander, and N. B. Gilula. 1982. Comparative 
analysis of the major polypeptides from liver gap junctions and lens fiber junctions. ,L 
Cell Biol. 92:53-59. 

27. Hockwin, O., and C. Ohdoff. 1981. Enzymes in normal, aging and cataractous lenses. 
In Molecular and Cellular Biology of the Eye Lens. H. Bloemendal, editor. John Wiley 
& Sons, Inc.. New York. 367---413. 

28. Hoenders, H. J., and H. Bloemendal. 1981. Aging of lens proteins. In Molecular and 
Cellular Biology of the Eye Lens, H. Bloemendal, editor. John Wiley & Sons, Inc., New 
York. 279-32@ 

29. Janssen-Timmen, U., R. Derrnietzel, U. Frixen, A. Leibstein, O. Traub, and K. Willeeke. 
1983. lmmunocytochemical localization of the gap junction 26K protein in mouse liver 
plasma membranes. EMBO (Eur. MoL Biol. Org.) J. 2:295-302. 

30. Johnson, G. D., and G. M. de C. Nogueira Aranjo. 1982. A simple method of reducing 
the fading of immunofluorescence during microscopy..L Immunol. Methods. 43:349- 
350. 

31. Johnson, R., J. Sas, C. Nelson, S. Schik, B. Quade, B. Frenzel, and D. Sas. 1984. MP 
26 is a lens junctional protein: analysis with monoclonal antibodies. Proceedings of the 
42nd Meeting of the Electron Microscopy Society of America. G. W. Bailey, editor. San 
Francisco Press, lnc., San Francisco. 118- l 21. 

32. Keeling, P., K. Johnson, D. Sas, K. Klukas, P. Donahue, and R. Johnson. 1983. 
Arrangement of MIP 26 in lens junctional membranes: analysis with proteases and 
antibodies. J. Membr Biol. 74:217-228. 

33. Kistler, J., and S. Bullivant. 1980. Lens gap junctions and orthogonal arrays are 
unrelated. FEBS (Fed. Eur. Biochem. Soe.) Lett. 111:73-78. 

34, Kistler, J., and S. Bullivant. 1980. The connexon order in isolated lens gap junctions. Z 
Ultrastruct. Res. 72:27-38. 

35. Kistler, J,, Y. Duacombe, and U. K. Laemmli. 1984. Mapping nucleolar proteins with 
monoclonal antibodies. J. Cell Biol. 99:1981-1988. 

36, Kuwabara, T. 1975. The maturation of the lens cell: a morphologic study. Exp. Eye 
Res. 20:427-443. 

37. Kuszak, J. R., J. Alcala, and H. Maise]. 1980. The surface morphology of embryonic 
and adult lens fiber cells. Am. J. Anat. 159:395-4 10. 

38. Kuszak, J. R., J. Alcala, and H. MaiseL 1981. Biochemical and structural features of 

chick lens gap junctions. Exp. Eye Res. 33:157-166. 
39. Kuszak, J. R., K. C. Carney, Y. H. Shek, and R. J. Cenedella. 1983. An ultrastructural 

analysis of fiber cell membrane from experimentally induced eataractous lenses. Pro- 
ceedings of the Association for Research in Vision and Ophthalmology Annual Spring 
Meeting. Invest OphthaL & Vis. Sci. 24:132S. 

40. Kuszak, J. R+, M. S. Macsai, and J. L. Rae+ 1983. Stereo scanning electron microscopy 
of the crystalline lens. Scanning Electron Microsc. II1:1415-1426. 

41. Kuszak, J. R., Y. H. Shek, K. C. Carney, and J. L. Rue. 1984. Comparative analysis of 
crystalline lens gap junctions. Proceedings of the 42nd Electron Microscopy Society of 
America. G. W. Bailey, editor. San Francisco Press, Inc. San Francisco. t 14-117. 

42. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature (Lond.). 227:680-685. 

43, Laskey, R. A., and A. D. Mills. 1977. Enhanced autoradiographic detection of 32p and 
12Sl using intensifying screens and hypersensitized film. FEBS (Fed. Eur Biochem. Soc.) 
Lett 82:314-316. 

44. Lo, W. K., and C. V, Harding. 1984. Square arrays and their role in ridge formation in 
human lens fibers. J. Ultrastruct. Res. 86:228-245. 

45. Lowry, O. H., N. J. Rosebrough, A. k Fan', and R. J. Randall. 1951. Protein measure- 
ment with the folin phenol reagent. J. BioL Chem. 193:265-275. 

46. Nicholson, B. J., L. J. Takemoto+ M. W. Hunkapiller, L. E. Hood, and J. P. Revel. 
1983. Differences between liver gap junction protein and lens MIP 26 from rat: 
implications for tissue specificity of gap junctions. Cell. 32:967-978. 

47. Paul, D. L., and D. A. Goodenough. 1983. Preparation, characterization, and localiza- 
tion of antisera against bovine MP26, an integral protein from lens fiber plasma 
membrane. J. Cell Biol. 96:625-632. 

48. Peracchia, C. 1978. Calcium effects on gap junction structure and cell coupling. Nature 
(Lond). 271:669-671. 

49. Peracchia, C.+ and L. L. Peracchia. 1980. Gap junction dynamics: reversible effects of 
hydrogen ions. J. CellBioL 7:719-727. 

50. Philipson, B. T.+ L. Hanninen, and E. Balazs. 1975. Cell contacts in human and bovine 
lenses. Exp. Eye Res. 21:205-219. 

51. Rae, J. L. 1979. The electrophysiology of the crystalline lens. Curr. Top. Eye Res. 1:37- 
90. 

52. Renan. J., J. Reiser, and G. R. Stark. 1979. Transfer of proteins from gels to diazoben- 
zyloxymethyl paper and detection with antisera: a method for studying antibody 
specificity and antigen structure. Proc. NatL ,4cad. Sci USA. 76:3116-3120. 

53. Sas. D., K. Johnson, S. Menko, and R. Johnson. 1982. A monoclonal antibody specific 
for chicken and bovine lens gap junctional proteins..L Cell BioL 95 (2, Pt. 2):106a. 
(Abstr.) 

54. Spector, A. 1984. The search for a solution to senile cataracts. Proctor Lecture. Invest 
Ophthalmol. & Vis. ScL 25:130-146. 

55. Spector, A., M. H, Garner, W. H. Garner, D. Roy+ P. Farnsworth, and S. Shyne. 1979. 
An extrinsic membrane polypeptide associated with high molecular weight protein 
aggregates. Science ( Wash. DC), 204:1323-1326. 

56. Staehli, C., T, Staehelin,+ V. Miggiano, J. Sehmidt, and P. Haering. 1980. High frequen- 
cies of antigen-specific hybridomas: dependence on immunization parameters and 
prediction by spleen cell analysis. Z lmmunoL Methods. 32:297-304. 

57. Staehli, C., T. Staehelin, and V. Miggiano, 1983. Spleen cell analysis and optimal 
immunization for high frequency production of specific hybridomas. Methods Enzymol 
92:26-36. 

58. Takemoto, L. J., and T. S. Hansen. 1982. lntermolecular disulfide bonding of lens 
membrane proteins during haman cataractogenesis. Invest. Ophthalmol. & Vis. Sci. 
22:336-342. 

59, Tanaka, M., P. Russell, S. Smith, S. Uga, T. Kuwabara, and J. H. Kinoshita. 1980. 
Membrane alterations during cataract development in the Nakano mouse lens. Invest. 
Ophthalmol. & Vis. Sci. 19:619-629. 

6@ Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of protein from 
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc. 
NatL Acad. Sci. USA. 76:4350-4354. 

61. Wannemacher, C+ F., and A. Spector. 1968. Protein synthesis in the core of calf lens. 
Exp. Eye Res, 7:623-625. 

62, Warner, A. E., S. E. Guthrie, and N. B. Gilula. 1984. Antibodies to gap-junctional 
protein selectively disrupt junctional communication in the early amphibian embryo. 
Nature(Lond.). 311:127-131, 

63. Wong, M. M., N. P. Robertson, and J. Horwitz. 1978. Heat induced aggregation of the 
sodium dodecyl sulfate-solubilized main intrinsic polypeptide isolated from bovine lens 
plasma membrane. Biochem. Biophys. Res. Commun. 84:158-165. 

64. Zampighi, G., S. A. Simon, J. D. Robenson, T. J. Mclntosh, and M. J. Costello. 1982. 
On the structural organization of isolated bovine lens fiber junctions. J. Cell BioL 
93:175-189. 

KISTLER ET AL. Antibodies to Lens Junctional Domains 35 

 on D
ecem

ber 29, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/

