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CHAPTER 1 

INTRODUCTION 

The vertebrate eye lens has been the object of several investigations 

in regard to the main metabolic and developmental features of this 

suborgan essential for vision (cf. réf. 1, 2). However, only in a few 

instances attention has been paid to the biochemical and structural 

characterization of the plasma membranes bordering the cellular con

stituents of the lens (3, 4). This fact is rather surprising since a 

better knowledge of the organization of the plasma membranes would 

shed some light on the difficult problems confronting the students of 

lens functions. 

Actually a profound experimental evidence indicates that regional 

specializations of the plasma membranes, in organized animal tissues, 

ensure transport, stereospecific interactions with ligands, cell recog

nition and correlate with the control of cell division and differentia

tion. Furthermore, plasma membrane specializations of cells in contact 

regulate, either permitting or preventing, short range cell-to-cell 

communication and the flow of water, ions and active metabolites along 

paracellular routes of permeation (5). 

The aim of the present study is to contribute to the structural and 

biochemical definition of the plasma membrane specializations which, in 

eye lens epithelium and fibers, are probably involved in the regulation 

of the permeability and active transport across the entire lens. In 

chapter 2 the principles of plasma membrane organization in animal cells 



- 12 -

will be outlined. 

As other mural cell layers the lens separates two different compartments 

from each other and acts as a barrier between the aqueous and vitreous 

humor (6, 7, 8). The lens is provided with no more than one anterior 

layer of epithelial cells. Yet the epithelium plays a predominant role 

in the control of transmural processes. In fact the epithelial layer, 

where the Na+ K+ ATPase is located, seems by itself to maintain the 

electrochemical gradient throughout the entire thickness of the multi-

layered lens (9). 

Although some experimental evidence may be compatible with the presence 

in the lens of low-resistance passageways, it is not yet fully under

stood to what extent cell-to-cell communication proceeds directly be

tween epithelial cells and fibers (10). 

On the other hand it is not easily apparent whether the control of water 

and ion flow is mediated by tight paracellular routes of permeation or 

by relatively leaky passageway, however running across the multicellular 

layers of the thick lenticular mass (6, 7, 11). 

Previous electron microscopical observations on lens ultrastructure have 

revealed the presence of junctional complexes connecting the lens cellu

lar elements. However, these junctions were in some cases ambiguously 

identified with the occluded zones (12, 13, 14) (tight junction) whereas 

in other publications "gap" junctions (nexus) were described as the main 

type of intercellular junctions found in the lens (15, 16). 

A better characterization of the intercellular junctions in the eye lens 

is therefore needed and it may be relevant to a deeper understanding of 

the control of permeability and transport across the lens which also re

quires further elucidation. 

In a variety of tissues freeze-fracture studies have provided a more 

comprehensive information about junctional definition than any other 

technique for specimen preparation in transmission electron microscopy. 
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To our knowledge this method has not yet been thoroughly utilized for 

the identification of junctional complexes in the lens. In chapter 3 

observations carried out by the freeze-etching technique on isolated 

lens fiber plasma membranes illustrate the presence of a special type 

of junctions displaying some morphological features in common with 

those of the "gap" junctions (nexus) which correlate with low-resistant 

passages. Moreover the chemical characterization of the isolated membrane 

fraction is also presented. Further information concerning the protein 

pattern of eye lens fiber plasma membranes and junctions is provided in 

chapter 4 where a technique of isolation of the junctions connecting 

lens fibers is also depicted. 

The eye lens is a rather unique cellular system to study membrane bio

genesis since even in adult animals the epithelium grows and differen

tiates slowly and continuously into fibers. During this process the 

amount of surface membranes and junctions areas of the fibers, as com

pared to the epithelial cells, increases almost a thousand times. For 

this reason the region of cellular elongation is particularly suitable 

for the study of the process of junctional assembly. 

In chapter 5 freeze-fracture features of the plasma membranes are pre

sented that illustrate the development of intercellular junctions in the 

lens region where differentiation of the epithelium into fibers occurs. 

Furthermore it is shown that typical "gap" junctions are specifically 

connecting epithelial cells one to another and epithelium with fiber 

cells of the outermost peripheral cortical layer. 
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CHAPTER 2 

The Organization of the Plasma 
Membrane in Mammalian Cells* 

ENNIO LUCIO BENEDETTI, IRÈNE DUNIA and ALINE DIAWARA 

Institut de Biologie Moléculaire, Université Paris VII, 2, Place Jussieu, Paris 5e, France 

Abstract—The plasma membrane in animal celb consists of a lipid bilayer and of 
particulate protein-glycoprotein entities which may span the membrane width. The 
fluidity of the lipid phase and other factors may favor the motion and the rearrangement 
of the particulate entities. The association within the liquid-like lipid phase of identical 
or quasi-equivalently related proteins might result either in oligomeric complexes or in 
bidimensional lattices of repeating particles. 

T H E ORGANIZATION of cells into tissue and the 
regulation of the "social behavior" of cells are 
mediated by two main functions, that of trans
port and that of cell contact. These functions 
are essentially dominated by the plasma mem
brane which is the main site for processing 
signak for cell recognition and homeostatic 
control. 

The mechanism of such regulation, which is 
altered in the neoplastic transformation, is still 
obscure, primarily because the precise molecular 
arrangement of the membrane components in 
the plane and within the thickness of the mem
brane is not fully clarified. 

In comparison with the limited variety of 
efficient designs available for the assembly of 
biological containers such as helical tubes of 
icosahedral shells, consisting of a well-defined 
number of identical or equivalently related 
protein molecules, the principle of structuration 
of biological membranes, in particular of the 
plasma membrane in animal cells, is not readily 
apparent. 

The plasma membrane is an infinite bound
ary separating two asymmetrical environ
ments or distinct phases and consisting of a great 

Accepted 14 December 1972. 
•Presented at the E.A.C.R. Symposium on "Cell 

Hybridization and Cell Membranes", Jaszowiec, 
Poland, May 3-6,1972. 

variety of chemical components including 
different molecular species of lipids, proteins 
and carbohydrates, held together by several 
types of interactions, primarily non-covalent. 

Yet, certain progress in the field of mem
brane structure has been made, and in recent 
times most of the established generalizations on 
the membrane model have been reconsidered. 
A more direct experimental approach suggests 
new ways of thinking about the principles of 
plasma membrane design in animal cells. 

Transverse heterogeneity of the plasma membrane 

An essential feature of the plasma membrane 
architecture concerns the existence of a trans
verse polarity based on stereospecific asym
metrical localization of constituents. Asym
metrical membrane models had already been 
deduced from the earliest studies of Robertson 
[1] and of Sjöstrand [2]. 

A number of cytochemical and ultrastructural 
studies on intact cell surfaces and on isolated 
plasma membranes has further shown that the 
outer and inner membrane surfaces are non-
identical in composition and structure. 

In particular one aspect of this asymmetry is 
the distribution of oligosaccharides on both 
surfaces of the membrane. The asymmetric dis
tribution of oligosaccharides has been studied 
using "positively" charged colloidal iron stain
ing, which has revealed that the carboxyl groups 

263 
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of JV-acetyl-neuraminic acid are exposed at the 
outer surface of the plasma membrane [3, 4]. 

Furthermore, using saccharide-binding con-
canavalin A and ricin labelled with ferritin, the 
non-reducing sugar residues reacting with the 
lectins are found to be exposed exclusively at 
the outer surface of the plasma membrane of 
various cell types [5]. In contradistinction, the 
protein "spectrin" has been localized on the 
inner surface of the erythrocytes cell membrane 
by specific ferritin-conjugated antibodies [6]. 

The structural polarity of membrane con
stituents and the vectorial flow of matter are 
also demonstrated by the localization of some 
enzymic end-products as revealed by electron 
microscopic cytochemistry on isolated plasma 
membrane. For the nucleoside phosphatases 
activities, according to the type and region 
of the cell membranes, the reaction products 
were found either at the outer [7] or at the 
inner surfaces of the membrane element 
[8,9]. 

Cytochemical methods and electron staining 
techniques almost exclusively could visualize 
chemical or/and structural features exposed 
either on the outer or inner membrane surface. 
However, by the same methods no direct nor 
consistent demonstration of a discontinuity or 
asymmetrical heterogeneity within the plasma 
membrane core could be provided. This limita
tion was particularly disappointing since the 
existence of a complex molecular arrangement 
of lipid and protein components within the 
membrane element could be deduced from the 
results of other biochemical and physical 
methods. For example, evidence compatible with 
asymmetrical localization of cholesterol at the 
external side of the membrane bilayer has been 
obtained from X-ray diffraction analyses of 
myelin [10]. 

Furthermore, by selective chemical labels in 
combination with specific phospholipase action, 
evidence of the asymmetrical concentration 
of sphingomyelin and phosphatidyl choline in 
the external side of the membrane, and of 
phosphatidyl serine and phosphatidyl ethanol-
amine in the inner cytoplasmic half of the bi
layer, has been provided [11]. 

Advances in the field of molecular arrange
ment of membrane proteins have been realized 
by the technique of membrane inversion 
(inside-out membrane vesicles, or right-side-
out membrane vesicles) allowing the applica
tion of proteolytic selective digestions respec
tively to the inner or to the outer surface of 
the plasma membrane vesicles [12, 13, 14]. 

The accessibility of the membrane proteins 
either from the exterior or from the interior of 

the plasma membrane has also been tested by 
the use of a selective label, the radioactive acylat-
ing agent formyl-methionyl sulfone methyl-
phosphate, combined with the protease ap
proach [15, 16] or by iodination catalyzed by 
lactoperoxidase of the exposed tyrosine and 
histidine of membrane proteins [17]. 

At least in the type of plasma membranes 
studied so far, a variety of membrane proteins 
seems to be asymmetrically oriented since they 
are accessible either from the interior of isolated 
membrane or from the exterior of intact cells 
[14]. Furthermore, in contrast with earlier 
membrane models, a considerable amount of 
protein, in particular glycoprotein, exposed at 
both outer and inner surfaces, probably spans 
the entire thickness of the membrane [13, 
15, 16, 18]. 

The results of these studies, which almost 
exclusively have been carried out using intact 
red blood cells and vesicles originated from 
erythrocytes ghosts, are however controversial 
and require further elucidation. 

The demonstration that intact red blood cells 
are not modified by phospholipases A 2 and С 
treatment, whereas the same action hydrolyses 
phosphoglycerides present in the erythrocyte 
ghost membranes, indicates that the conforma
tion and the exposure of the membrane con
stituents might be perturbated during the iso
lation and inversion of the vesicles [19]. 

A more direct contribution to the study of 
the transverse heterogeneity of the plasma 
membrane core has been realized by the appli
cation of the freeze-etching technique. This 
method provides useful information on the 
structure of the membrane by fracturing and 
replicating these structures in the frozen state 
without the utilization of chemical fixation or 
drastic dehydration and staining of the speci
mens. 

Studies on the path of cleavage through bio
logical as well as artificial membranes and 
thermodynamic considerations of the weakened 
hydrophobic bonding at low temperature are 
consistent with the original hypothesis of 
Branton that the membrane is fractured along 
its internal hydrophobic matrix [20, 21, 22] 
(Fig. 1). In particular the development of a 
technique for obtaining replicas of both sides 
of the fractured object has clearly shown that 
the membrane splits in two asymmetrical com
plementary halves [23, 24]. Therefore, the true 
external or inner cytoplasmic surfaces of the 
plasma membrane are visualized only by deep-
etching, which, lowering the ice level by 
sublimation, exposes the non-fractured faces 
[21, 22] (Fig. 1). It is, however, still questionable 



- 17 -

The Organization of the Plasma Membrane in Mammalian Cells 265 

whether the cleaving occurs precisely along a 
plane where the methyl terminals of the phos
pholipid fatty acids of individual monolayers 
are located, rather than along a not yet definite 
level comprised within the membrane hydro
phobic core [25]. 

In several types of plasma membranes the 
hydrophobic matrix exposed by the fracture is 
heterogeneous and shows smooth areas corre
sponding to lipid layer and particulate com
ponents. In animal cell plasma membranes the 
particles average 80-90 A in diameter [7, 21,26]. 

The fracture of the membrane element pro
duces two distinct types of faces, characterized 
by a marked asymmetry in the distribution of 
particles. The inner aspect of the leaflet adjacent 
to the cytoplasm [Face A or ( + ) or outer frac
ture face (OFF)] is covered by a number of 
particulate entities, whereas the inwardly 
directed fracture face of the outer leaflet [Face 
В or ( — ) or inner fracture face (IFF)] is stud
ded with fewer particles [21, 23, 24, 27] (Fig. 2). 
The particle density may vary according to the 
typeofcell[21,26,28]. 

The intramembranous particulate entities 

The nature of the intramembranous particles 
is not yet fully clarified. The identity of the 
subunits observed on freeze-etched membrane 
with the globular projections revealed in nega
tively stained preparations of plasma mem
branes isolated from different types of cells is 
not readily apparent. The similar dimension 
and shape of the particles support the view that 
they may be related structures revealed by two 
different techniques [7]. However, the particles 
visualized by negative staining, which are 
associated with enzyme activities [29], appear 
to be localized only in certain differentiated 
areas of plasma membrane and to be exposed 
to the hydrophilic environment rather than 
ubiquitory comprised within the internal hydro
phobic membrane matrix [7]. 

In a few appropriate instances [30] it has 
been shown that protuberances or bumps are 
exposed by deep-etching on the true surface ot 
the plasma membrane and that they are topo
graphically correlated with the underlying 
particles. Very likely the surface bulges as well as 
intramembranous particles may exist either as 
associated entities or as independent structural 
units according to the complexity of the plasma 
membrane differentiation. It might abo be 
that the intramembranous particles in some 
instances, such as during the negative staining, 
are displaced and exposed at the outer surface. 
Consistent with the latter possibility are the 
observations of Wigglesworth et al. [31], show

ing that, in the inner mitochondrial membranes, 
the repeating subunits associated with ATPase 
activity [32] are probably intercalated into the 
apolar matrix of the membrane, rather than 
exposed to the hydrophilic environment, since 
in the frozen material they are visualized by 
the fracture but not by the etching. 

The chemical identity of the intramembra
nous particles in plasma membranes has not yet 
been sufficiently elucidated. It seems very un
likely that the presence of the intramembranous 
particles in freeze-etched membranes reflects 
the occurrence of localized lipid phase changes 
including extrusion of cholesterol, since these 
events are most probably prevented by the rapid 
cooling of the samples [33, 34]. The results of 
attempts to remove the particles by low-ionic-
strength solution [7, 18], by lithium diiodosali-
cylate [35], by proteases [7, 21, 36], by ".eura-
minidase [7] and by phospholipase С [37] have 
so far been ambiguous. Most of the aforemen
tioned treatments cause only a marked aggre
gation and clustering of the membrane sub-
units. In the case of red blood cell membranes 
the particles were lost after prolonged digestion 
with pronase [21, 26]. Papain digestion, using 
a concentration compatible with the mainten
ance of the isolated rat liver plasma membrane 
structure, did not remove the intramembranous 
particles visualized by freeze-etching [7], al
though it dissociates from the membrane the 
particles revealed by negative staining [29, 38]. 

The association between the intramembran
ous particles and membrane proteins or glyco
proteins has been investigated by mapping the 
distribution of the particles and that of the 
surface antigens and specific receptors. For this 
purpose ferritin-labelled lectins or antibodies 
and virus particles were used as labelling agents 
on freeze-etched preparations. The results of 
these experiments tend to prove that the mem
brane particulate component revealed by 
freeze-etching on fracture face A are topo
graphically correlated with surface antigens 
and receptors sites visualized by the labelling 
agents on the etched outer plasma membrane 
surface [36, 39, 40]. 

Noteworthy in erythrocytes, the number of 
particles (5-6 χ 105/cell) is consistent with 
the number of phytohemagglutinin receptors 
(4-5xl05/cell) and of A,, A2 and В blood 
groups sites (5-8 χ 105/cell) [36, 39]. The 
number of particles on face A is also close to the 
estimated number of copies per cell (5 χ IO5) of 
the two distinct protein and glycoprotein com
ponents identified by Bretscher [15, 16] which 
extend from the outer to the inner surface of 
the cell membrane. 
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If these experiments at all demonstrate the 
identity of the intramembranous particles with 
the surface antigens and receptor sites, rather 
than a merely topographic coincidence of un
related membrane entities, then a consistent 
fragment of the particles should emerge on the 
outer hydrophilic surface of the leaflet, whereas 
the other part should deeply penetrate the 
membrane hydrophobic matrix, being more 
strongly attached to the inner half of the bilayer. 
As we have mentioned before (see p. 264), the 
existence of this type of amphipatic proteins in 
the membrane has been asserted by several 
authors [13, 16, 18]. Marchesi et al. [40] have 
further reported that in the major glycoprotein 
of the erythrocyte membrane, the carbohydrate-
containing peptides, concentrated at the N-
terminal of the molecules, are exposed at the 
outer surface, whereas the C-terminal peptide, 
which does not contain carbohydrates and is 
rich in hydrophobic amino-acids, residues buried 
within the membrane matrix. 

Similar sialoglycoprotein, for which, however, 
no C- or JV-terminal residues could be detected, 
has been recently identified, together with two 
other glycoproteins in red blood cell membranes. 
These proteins, which represent half of the total 
erythrocyte ghost protein, probably extend 
through the membrane [18]. 

All these observations and the results derived 
from X-ray diffraction analysis of biological 
membranes [41, 42], indicate that a consider
able amount of the protein penetrates the 
membrane core rather than coats the bilayer. 
Possibly the difference in distribution of the 
intramembranous particles, revealed by freeze-
etching on the two complementary A and В 
fracture faces, suggests that some proteins 
almost entirely span the lipid bilayer, whereas 
others penetrate only half way through [42]. 

Tangential heterogeneity of the plasma membrane 

Several experiments have demonstrated the 
existence within the plane of the plasma mem
brane of a tangential heterogeneous distribution 
of various chemical constituents. 

These studies on the mutual position of 
individual classes of membrane associated 
antigens in a single cell type, using ferritin- or 
virus-labelled antibody, have shown that most 
of the antigens investigated so far are distributed 
over the plasma membrane in a two-dimensional 
heterogeneous arrangement. Some antigens 
may either reside, as do the R h 0 (D) antigens 
[43, 44] and H-2 mouse alloantigens [45, 46], 
in circumscribed patches spread in a rather 
periodic pattern, or cover, as do the A 1 and В 
blood group antigens, large areas uniformly 

dispersed in an aperiodic arrangement [36, 43, 
47]. The distribution of ferritin-labelled con-
canavalin A or phytohemagglutinin reveals 
again that the lectin receptors may be uniformly 
spread as single entities over the surface of non-
malignant cells [36, 48], whereas in virus-
transformed [48] or trypsin-treated cells [36, 
48] the lectin binding sites are randomly distri
buted in large clusters. 

The heterogeneous distribution and the den
sity of cell surface antigens or lectins receptor 
sites may vary according to the cell differenti
ation [49] and to the cell cycle [50, 51, 52]. 

I t is noteworthy that by freeze-etching 
experiments it has been shown that the number 
of plasma membrane associated particles in 
mechanically or chemically synchronized mam
malian cells in vitro, decreases during telophase 
and early G l and shows a gradual increase on 
both fracture faces during mid and late G l and 
S periods [28]. 

However, the correlation between the changes 
in particle density and the variation of the cell 
surface constituents in conjunction with the cell 
cycle is not easily apparent. 

Besides the increase of the intramembranous 
particle density observed during late G l and 
S periods [28], a preferential accumulation 
on the cell surface of glycoproteins has been 
detected during the M phase [50, 52, 53]. 
Yet, the rate of synthesis and the assembly 
program for a large number of antigenic con
stituents and for different cell surface glyco
proteins need not be the same, even within a 
single cell type [52, 53, 54]. 

Dynamic aspects of the heterogeneity in the plane of 
the plasma membrane 

Substantial evidence has been accumulated 
showing that membrane constituents are free 
to reorient and likely to intermix and cluster 
[55]. 

Direct evidence of the motion of membrane 
protein has been provided by the studies carried 
out on visual receptor membrane. The rho-
dopsin, probably submerged in the hydro
carbon part of thelipid bilayer, and withonly the 
sugar groups extruding into the aqueous envi
ronment, can rotate free, probably around an 
axis perpendicular to the plane of the mem
brane [56, 57]. 

The motion of the membrane intercalated 
protein, which very likely depends on the degree 
of fluidity of the lipid environment [58], is 
probably reflected by the rearrangement of 
membrane antigenic sites shortly after virally-
induced cell fusion [59] and by the redistribu
tion of lymphocyte-surface immunoglobulin 
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FRACTURE MECHANISM 

IN PLASMA MEMBRANE 

ETCHING AND REPLICA 

Fig. 1 I. Diagrammatic representation of the probable 
fracture mechanism in plasma membrane. After the fracture 
and the etching ( Γ - 2 ' at — 100CC) the replica is made by 
carbon-platinum shadowing and reinforced by carbon evapora
tion. The arrow (EF] points to the face exposed by deep-etching. 

« ..¿, .,: * >t|rf***ij 
Fig. 1 II. Replica of isolated calf lens fibre plasma membrane (cf. réf. 73). The f ace associated with the particUs 
is produced by the fracture (face A) and the rather smooth face (EF) is exposed by the deep-etching. The arrows 

point to the particles spanning the edge of the fracture. 

(to face p. 266) 
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Fig. 2. Replica of fibroblast-like variant line f rom BALBjC mouse plasmacytoma MOPC 173. Large fracture 
surfaces of the plasma membranes of two adjoining cells are exposed. The arrow-heads are pointing to the intercellular 
space. The outwardly directed fracture face A of the inner leaflet of one plasma membrane is characterized by numerous 
globular particles. The inwardly directed fracture face Ъ of the outer leaflet of the adjoining plasma membrane shows 

very few particles. 
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Fig. 3. Replica offibrobUxst-like variant cell Jrom BALB/C mouse plasmacytoma MOPC 173. Incubation with 
coneanavalin A 250 γ ml ò χ 10ή celts, 45 ' u/ 20 С. The fracture face A shows aggregates of globular 

¡¡articles [cf. the uniform distribution of particles on fracture face A in fig. 2 ) . 

ISO A 

Fi^. 4 / . Isolated gap junction (cf. réf. 72). Stained with uranyl acetate and lead curate. The section is perpendicular 
to the plane of the junction. The line depicts the path of cleavage exposing respectively the outwardly directed fracture 

face A and the inwardly directed face B. 

Fig. 4 II. Tentative diagrammatic representation of the 
fracture f aces A and В produced by the cleavage. 
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Fig 4 III. Freeze-etched replica of isolated gap junction showing that the fracture 
face В consists of a hexagonal lattice oj pitted facets and the f raclure f асе Л of regular 

array of packed globular particles. 

Fig. 4 IV. Oblique view through an isolated gap junction by 
freeze-etching. The fracture and the deep-etching expose two 
layers consisting of array of globular particles (face A) and 
one interlocking hexagonal lattice of pitted facets (face B). 
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Fig. 5. Isolated gap junction {cf. réf. 72). Double replica showing two matching fracture faces. The fracture 
face A associated with the array of particles is complementary to the fracture f асе В consisting of a hexagonal 

lattice of pitted facets. 

Fig. 6 I and II. Replica of junctional areas present in isolated lens fibre plasma membranes {cf. réf. 73). A fracture plane through 
the junction illustrated in Fig. 6 / shows round shaped plaques characterized by a repeating substructure probably correspondent to the 

arrays of geometrically packed subunits visualized in Fig. 6 II. 
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Fig. 7 I. Replica of BHK 21 cell transformed by Schmidt Ruppin Rous Sarcoma virus. Large area of the plasma 
membrane fracture face A of one cell and area of the plasma membrane fracture face В of the adjoining cell are exposed. 
The arrow-heads are pointing to the intercellular space. A triangular shaped area suggestive of a gap junction between 
the two plasma membranes is visible {circle). At the upper region of the fracture face A another small junction is present. 
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Fig. 7 II and Fig. 7 III illustrate the aspect of the junctional areas of higher magnification. Both areas are characterized by a 
packing of particles associated with the fracture f ace A and covered by a rather smooth layer continuous with fracture face B. 
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Fig. 8 I. Replica of fibroblast-like variant cell from В ALB ¡С mouse plasmacytoma MOPC 173. 
Several areas of particle aggregates suggestive for gap junction are associated with the fracture face A. 

Fig. 8 II. High magnification of the fig. 8 I. The junctional 
areas consist of regular array of globular particles. 

Fig. 8 III. Gap junction in epithelial-like variant cell from 
BALBjC mouse plasmacytoma MOPC 173. The regular 
packing of globular particles an fracture f ace A is covered by a 

hexagonal lattice of pitted facets. 
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molecules induced by anti-immunoglobulin 
antibody [60]. 

These observations have been tentatively 
explained by the consideration that the redistri
bution and clustering of cell surface antigens 
are due to the displacement of membrane pro
tein within a fluid lipid environment, rather 
than to the synthesis and reinsertion of new 
components. Freeze-etching studies have not 
been done, so far, in order to correlate the 
redistribution of the intramembranous particles 
with that of the cell surface antigens*. This cor
relation has been established in the case of the 
displacement of lectin and virus receptors and 
intramembranous particles induced by mild 
tryptic digestion [36]. 

In fact, also due to the action of several other 
proteases [26] and some lipases [37] the intra
membranous particles show progressive altera
tion of their distribution (cf. p . 265). It is 
unclear whether these results reflect the same 
phenomenon of free diffusion and intermixing 
of lipid and protein within the fluid lipid matrix 
intact plasma membrane, rather than a 
radical and irreversible rearrangement of 
membrane constituents as a consequence of the 
progressive loss of membrane protein and lipid. 

Reversible particle aggregation has been 
induced by changing the pH of the aqueous 
environment at the cell surface [61]. The clus
tering of the intramembranous particles visu
alized by freeze-etching, which occurs at pH 
5-4 within 2-3 min, is completely reversible if 
the membranes are brought back in a neutral 
fluid environment [61]. The clustering of the 
particles is also observed to accompany cell 
agglutination by concanavalin A [62] (Jig. 3). 

In a more general sense all these pheno-
menons might be interpreted by the assumption 
that the membrane architecture can be readily 
diversified in multiple features, reflecting the 
changes of the relative proportion of protein and 
lipid, and the type and character of the mole
cular species of the membrane components. 
The environmental condition of the cell surface 
seems to play also an important role in this 
respect [61]. 

Singer and Nicolson [55] have proposed that, 
if the lipids form the matrix of the fluid mosaic, 
the long-range distribution of the protein would 
be preferentially random. 

The presence of ordered plasma membrane arrangement 
It should be stressed that the accumulation of 

identical or equivalently-related protein entities 
within the membrane core could favor the 
oligomeric association or even the formation of 

*Note added to proof. 
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a highly-ordered bidimensional lattice of re
peating subunits. The latter type of membrane 
organization is not uncommon in specialized 
areas of the cell surface [63, 64] and in the 
membranes which arc involved in cellular inter
action leading to electrotonic and metabolic 
coupling (synapsis and nexus or gap junction) 
165,66,67,68,69,70,71]. 

In the latter type of cell junctions, negative 
staining of isolated plasma membranes [72] and 
the introduction of a low molecular weight 
electron opaque tracer through the intracellular 
spaces of intact tissues [66] have shown the 
existence of a bidimensional hexagonal pattern 
of repeating subunits spanning the occluding 
portion of the junctions. 

The freeze-etching technique has further 
revealed that the differentiation of the junction 
involved the rearrangement of both the hydro-
philic domain as well as of the hydrophobic core 
of the junctional membranes. 

In the nexus the cleavage usually passes 
along two paths (Fig. 4 I - I I ) . First the cleavage 
splits one of the two plasma membranes. In this 
circumstance the inwardly directed fracture 
face of the outer leaflet is exposed (Face B) 
(Fig. 4 I I I ) . Then the cleavage passes in a 
stepwise fashion to the interior of the adjacent 
membrane. Now the fracture face (Face A) is 
characterized by regular array of 90 Â particles 
(Fig. 4 IH-IV) whereas the corresponding 
face В consists of a hexagonal lattice of regular 
facets showing in the best shadowing conditions 
a central pit or a hollow space with a center-to-
center distance of 90 Â. 

The application of the study of the gap junc-
. tion of the complementary replica technique, 

which allows the direct observation of both 
sides of the fracture, gives conclusive evidence 
that the globular repeating units visualized on 
face A are actually complementary to the inter
locking structure of the junction consisting of 
the hexagonal lattice of pitted facets [27] 
(Fig. 5). 

Although the basic structural aspects of the 
nexus (gap junction) are common to almost all 
tissues studied so far, variants of the nexus 
features are observed, which are always con
sistent with the presence of a bidimensional 
lattice of repeating subunits [73, 74] (Fig. 6). 

The molecular intermembrane mechanism 
leading to the formation of specialized areas of 
cell surfaces characterized by the presence of an 
ordered subunit mosaic is not yet clarified. 

The experimental evidence, derived from 
rapidly growing cell systems, indicates in parti
cular that the formation of a junction allowing 
a stable cell-to-cell contact and electric or 
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metabolic coupling, occurs within a short time 
period of' the order of a few minutes [75, cf. 
réf. 74]. The fact that the junctions are rapidly 
assembled, and probably also disassembled, 
might indicate that the local membrane differ
entiation is related to the accumulation and 
rearrangement of pre-existing randomly dis
persed membrane components, rather than to 
the synthesis and insertion of newly formed 
membrane constituents into the junctional areas. 

It is noteworthy that freeze-etching technique 
applied by us [62] to a variety of animal cells in 
culture, including transformed cells, where 
probably junctions are rapidly assembled and 
disassembled, has revealed on the fracture face 
very small particle-aggregates and arrays of 
particles representative for gap junction, ex
tending over areas of variable dimensions (Figs. 
7, 8). All these features might represent different 
stages of the process of junctional differentiation. 
The chemical nature of the junctional mem
brane repeating subunits is not yet fully clarified. 
In a previous study it has been shown that the 
general plasma membrane of rat liver is almost 
totally solubilized by DOC, while the gap 
junctions were resistant to the same treatment 
[72]. 

Our further yet unpublished results, and 
those of Emmelot et al. [76] on rat liver plasma 
membrane, and the most recent studies of 
Evans and Gurd [77] and of Goodenough and 
Stoeckenius [78], tend to indicate that the 
nexus-rich fraction, in contrast with the general 
plasma membrane, is characterized by high 
protein, very low phospholipid content, and by 
a preponderance of neutral lipid including free 
and esterified cholesterol and triglyceride. 
Furthermore, Goodenough and Stoeckenius [78] 
have shown that one single major protein 
component with an apparent molecular weight 
of 20 000 can be separated from mouse liver gap 
junctions by gel electrophoresis. 

It is thus conceivable that the process of 
junctional differentiation triggered by a variety 
of cell surface and environmental events 
[79, 80, 81] initiates with a convergent accumu
lation of pre-existing particulate entities con
sisting of a single or at least very few equiva-
lently related proteins. 

The clustering of protein entities will provide 
the element of a regular and ordered lattice, in 
which selected molecular species of lipids may 
be accommodated in a proper configuration 
very likely other than a bilayer. 

The displacement and rearrangement of 
membrane particulate entities within the fluid 
lipid domain might also explain various other 
membrane events and membrane mediated 
functions. In particular some recent observa
tions of Satir et al. [82] on the mechanism of 
secretion in Tetrahymena show that the process of 
membrane fusion is very often characterized by 
the rearrangement and accumulation of inter
calated membrane particles. 

In conclusion, the multiple features of the 
membrane configuration result from the dyna
mic association of at least two main components: 
a lipid phase primarily occurring as a bilayer 
[41] and protein-glycoprotein intercalated par
ticulate entities. The preferential association 
of identical or closely related polypeptides might 
either form specific oligomeric complexes [83] 
or bidimensional lattices of repeating subunits. 
However, full understanding the dynamics 
of the internal plasma membrane constituents, 
the metabolic state not only of the lipid-protein 
layer but also of the glycocalix and of the ecto-
plasmic domain should be taken into account. 

NOTE ADDED TO PROOF 

In recent and extensive contributions to 
Unanue et al. [84] and of Karnovsky et al. [85] 
on the movement of surface antigenic and lectin 
receptors in tymocyte and lymphocyte, no cor
relation between aggregation (capping) of 
rabbit anti-mouse lg labelled with ferritin or 
hemocyanin and clustering of intramembranous 
particles could be detected. These results may 
indicate that lg molecules are superficial to the 
liquid-like lipid bilayer, whereas other antigenic 
or receptor sites are more strongly anchored to 
the membrane core. However, their special 
distribution in the plane of the plasma mem
brane may or may not favour their movement 
in the fluid lipid domain after the binding with 
the ligands. 
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Plasma membranes have been isolated from calf eye lens fibre cells The purified 
fraction is characterized by the occurrence of a large number of junctional com
plexes. The cholesterol phospholipid ratio is approximately 0 7, a value in be
tween the values reported for erythrocyte ghosts and liver plasma membranes 
Specific membrane protem components have been separated electiophoretically 
from structural lens proteins 

The eye lens has a number of unique features which makes this organ most 
suitable for studies of cell differentiation. The mam cellular constituents of the lens 
are the fibres originating from the epithelial cells which exist as a monolayer. 
During the process of differentiation most of the cellular organelles disappear with 
exception of the plasma membranes surrounding each individual fibre. The lens, 
therefore, is one of the best sources for the isolation of plasma membranes since the 
fibre cells have a high surface—volume ratio (Waley, 1970). 

When a lens is dissolved in an aqueous solution by stirnng, an insoluble fraction 
remains containing the so-called albuminoid (Momer, 1894). Up till now not much 
attention has been paid to the membranes which are present in the water-insoluble 
fraction. All attempts to isolate lens membranes have been so far restricted to the 
fraction which remains insoluble when the albuminoid is extracted by guamdine or 
urea (Dische et al., 1969). The present paper is dealing with isolation and partial 

•Dedicated to Professor H Veldstra on the occasion of his retirement from the chair of bio
chemistry of the University of Leiden 
**Part of this work has been carried out while the author was guest professor of the Science 
Faculty at the University of Nijmegen 
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characterization of the water-insoluble plasma membrane-rich fraction from calf 
lens cortex. 

MATERIALS AND METHODS 

Calf eyes were obtained from the slaughter house and transported on ice to the 
laboratory. The lenses were isolated and the epithelium and capsula removed. From 
the remaining tissue only the cortical region, being approximately 50% of the total 
lens wet weight was used. Lens tissue (120 g wet weight) was suspended in 200 ml 
1 mM NaHC03 + 1 mM СаСІ2· The mixture was homogenized in a blender at low 
speed for 1 min. In a number of experiments the homogenization was carried out in 
an all-glass Potter-Elvehjem tissue grinder. The homogenate was diluted with 1 mM 
ЫаНСОз to a final volume of 1.5 liter and kept for 5 min in ice under occasional 
stirring. Thereafter the homogenate was centrifuged in the GSA rotor of a Sorvall 
Model RC 2-B centrifuge at 7000; for 20 min. The supernatant was decanted and 
the sediment resuspended in 1.5 liter 1 mM NaHCC .̂ The washing procedure was 
repeated three times. The final pellet was resuspended in 240 ml bicarbonate and 
centrifuged in rotor SS 34 of the Sorvall centrifuge at 12,000; for 20 min. This 
crude preparation suspended in NaHCOj was added to a 81% (w/v) sucrose solu
tion. The resulting density in the final volume was 1.22. 13 ml of the latter suspen
sion was transferred to a tube of the SW 27 rotor of the Spinco preparative ultra-
centrifuge. The following sucrose solutions in volumes of 5.6 ml were layered on 
top of the sample: d 1.20, d 1.18, d 1.16, d 1.14. Centrifugation was performed at 
27,000 rpm for 150 min. 

In some experiments the crude preparation resuspended in 40 ml bicarbonate 
was incubated with a mixture of 50 μg trypsin and 50 μ% chymotrypsin per ml at 
0oC for 5 hr. 

After 5 hr of incubation, 4 mg trypsin inhibitor was added and the suspension 
was centrifuged at 12,000; for 20 min. The pellet was processed as described 
above. A sucrose layer with a density of 1.08 was added. The volume of each layer 
was reduced to 4.8 ml. Preparations were collected by puncturing the tube walls at 
the appropriate interface. 

Chemical determinations 
Protein was measured according to Lowry et al. (1951) using bovine serum 

albumin as standard. P¡ was determined by the method of Fiske et al. (1925). 
Lipids were extracted as described by Folch et al. (1957) and a factor of 25 was 
used to convert Mg phosphorus to ßg phospholipid. Cholesterol was measured ac
cording to Zlatkis et al. (1953) at carefully controlled temperature conditions. 

The spec trophot ome trie method for the micro-determination of hexosamine as 
developed by Dische et al. (1950) was used. Sialic acid content was measured 
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according to Warren (1959) applying appropriate correction for deoxynbose con
tamination. RNA was estimated by the Schmidt-Thannhauser method (1945). 

Enzyme assays 
The following enzymic activities were assayed according to the methods given in 

the references Total ATPase activity and Na-K ATPase activity were determined 
as described by Bonting et al. (1961) 5'-mononucleotidase was measured as de
scribed by Persijn et al (1970). 

Acid Phosphomonoesterase was assayed according to Bessey et al (1946) and 
alkaline phosphatase was determined with a continuous-flow method using p-nitro-
phenylphosphate as a substrate (Bessey et al, 1946) and 2-ammo-2-methyl· 
propanol-1 as a buffer. 

Gel electrophoresis 
Polyacrylamide SDS gel electrophoresis was carried out according to Weber et al 

(1969) 
Polyacrylamide urea gel electrophoresis was earned out as described by Bloe-

mendal%(1963) The 'large-pore' type of gel columns was used which contamed 1% 
Tnton X-100. 

Electron microscopy 
Membrane pellets were fixed in the following solutions 

(a) 6% gluteraldehyde in 0.1 M phosphate buffer, pH 7 2 and postfixed in 2% OSO4 
in the same buffer 

(b)6% gluteraldehyde in 0.1 M cacodylate buffer, pH 7.2, and postfixed in 2% 
OSO4 in the same buffer. The blocks after repeated washing in Michaelis buffer, 
pH 5, were stained in 2% uranyl acetate m the same buffer according to 
Farquhar and Palade (1963). 

(c) Lantanum nitrate and potassium permanganate solution according to Lesseps 
(1967) 

All samples after dehydration were embedded in Vestopal W. Thin sections were 
examined either unstained or double stained with uranyl acetate and lead citrate 
Negative staining was performed on suspensions of membranes in 1.1% ammonium 
acetate using potassium phosphotungstate either at 370C or at room temperature. 

Freeze-etching of unfixed material was performed in a Balzers apparatus Some 
samples were resuspended in 25% glycerol. The etching time was 1—2 mm at 
-100CC Electron microscopical observations were made with an EM 300 Philips 
using 80 kV acceleration voltage. In order to prevent contamination a cooling 
device was routinely applied. 
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RESULTS AND DISCUSSION 

Structural features of the isolated fractions 
The characterization of the lens fibre plasma membrane-rich fraction is based on 

electron microscopic observations on thin sections of several embedded samples. 
The crude preparation consists of fibre ghosts still adhering to each other. 

Within the ghost some ribosomal clusters and intricate mesh work of filaments 
adhering to the inner surface of the plasma membranes are visible (fig.l). 

Fig.2 illustrates the most common and characteristic structural feature of the 
fraction found at the interface between densities 1.14—1.16. It can be seen that the 
material mainly consists of large fragments of membranes having a triple layered 
structure (fig.2, insert). In this fraction no other recognizable structures such as 
mitochondria, rough endoplasmic reticulum vesicles or nuclear fragments have been 
observed. The plasma membranes isolated from two adjacent lens fibres are either 
running parallel to each other or forming large circular profiles containing vesicular 
elements of various shape and dimension. These vesicles very likely originate from 
projections or infolding of the limiting membranes of the lens fibres in specialized 
regions of the cell surfaces. In addition a large number of junctional complexes are 
also present. The most common type is characterized by a penta-layered structure 
resulting from the tight contact of the two adjoining plasma membranes (fig.2 and 
insert). The central region of the junction, regardless the type of fixation or em
bedding technique, seems to lack the clear separation by a uniform 20—30 Â space 
as it has been described in the true gap-junction in other tissues (cf. Benedetti et 
al., 1971). The intermediate dense lamina is interrupted by a series of narrow 
intervals, interspaced by tiny regions of fusions of the two outer leaflets. Studies 
still in progress (to be published elsewhere: Dunia et al., 1972) on freeze-etched 
isolated plasma membranes provide further evidence for the peculiar feature of the 
junction found in this material. Fig.3 shows an en-face view of freeze-etched iso
lated lens plasma membranes. At the upper region (PM) the replica reveals that the 
fracture plane has probably passed throughout the middle of one plasma membrane 
adjacent to the junctional region. The exposed fracture surface dotted by clusters 
of particles probably corresponds to the inner aspect of the juxtacytoplasmic 
leaflet. The fracture then has passed through the junction along its middle region 
(J). Two cleavage planes are now visible which are not usually seen in other 
membrane regions. The upper exposed fracture face (J j) has a rather smooth ap
pearance and is dotted only with a few particles. This layer which may correspond 
to the interlocking material present in the middle layer, appears to be interrupted in 
a number of places. Somewhere the fracture has removed from the upper layer very 
irregularly shaped plaques and exposed the inner face dotted by a number of 
closely packed particles (J2)- In other regions small round-shaped plaques have been 
chipped off from the upper layer (Jj) and arrays of hexagonally packed subunits 
are exposed. 

Up till now it was generally accepted that the junctions found in lens tissue were 
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Fig.l. Fibre ghosts still adhering together by junctional complexes (J). Note the presence of 
large circular proffles containing vesicular elements (IP). 
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Fig.2. Isolated lens plasma membranes gathered at the interface between d 1.14 and d 1.16. In 
the insert the triple-layer structure of the membrane is shown, the arrow points to a junction 
having a penta-layer feature. A number of vesicular elements (IP) are probably originating from 
intercellular projections. 
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Fig.3. Replica of isolated lens plasma membranes. The upper region (PM) probably corresponds 
to the inner fracture face of the juxta-cytoplasmic leaflet. J ] indicates the fracture face proba
bly corresponding to the middle region of the junction. J2 indicates the layer situated under
neath which appears to be dotted by a number of particles. The arrows point to the round-
shaped areas with a regular lattice of particles. 



- 40 -

98 Plasma membranes of eye lens fibres 

true occluded zones or tight junctions (Cohen, 1965; Leeson, 1971; Gorthy et al., 
1971). However, our present observations do not allow this conclusion. The tight 
junctions studied by freeze-etching in other tissue than lens are usually charac
terized by the presence of interconnected series of concertina-like ridges and of 
corresponding arrays of interconnected furrows (Chalcroft et al., 1970). This last 
feature has never been found so far in isolated lens fibre membranes. The structural 
organization of the lens junction diffère also in some respect from the true gap 
junction present in glandular epithelium such as liver cells. In fact a large fracture 
surface showing a hexagonal lattice of repeating subunits with 90 Â center-to-center 
distance characteristic for the gap junction (cf. Benedetti et al., 1971) has not yet 
been observed in our material. 

It is likely that specific junctions found in different tissues are related to some 
functional requirement. In lens cortex the remarkable and extensive presence of a 
peculiar type of junction may be consistent with a suitable design insuring high 
transport of metabolites and ions from the epithelial monolayer throughout the 
entire lens and mechanical strength of lens fibres counteracting lens accommoda
tion. 

In the fraction found at the interface between densities 1.16—1.18, membrane 
fragments showing the same morphological feature as described above are present. 
Moreover, two other components are observed. One is represented by ribosomal 
clusters adhering to the membranous sheets via a few monomers (fig.4). The plasma 
membrane nature of the membranous sheet where polyribosomes are attached 
could be deduced by the presence of junctional complexes interspaced between the 
membrane segments. The other component is mostly fibrillar and forms an intricate 
mesh-work. The filaments have a thickness of about 50 Â. They run in different 
directions and mostly end at the inner surface of the plasma membrane fragments. 
The attachment of these filaments to the inner surface of the junctional complexes 
is less obvious. 

When the crude preparation of lens membranes is treated with trypsin and 
chy mo trypsin, a membrane fraction is again located at the interface between d 1.14 
and d 1.16. In contrast with the untreated membrane preparation, the fraction at 
the interface between d 1.16 and d 1.18 has almost disappeared. Moreover, a rather 
thick layer at the interface between d 1.08 and d 1.14 is observed. This fraction 
consists of large membranous fragments having the unit membrane appearance and 
forming vesicular profiles of various shape and dimension (fig.5). Many junctional 
complexes are present in this fraction showing the penta-layered structure (compare 
the insert). The trypsin treatment seems to affect the attachment of the polyribo
somes and fibrillar material to the plasma membranes since both components are no 
longer found in the isolated fractions. In addition, the removal in variable propor
tions of protein from the membranes (compare table 1) probably affects the 
buoyant density of the membrane fragments which originate from the plasma 
membranes and have been found as main constituents in the interface between the 
d 1.08 and d 1.14 layer. 
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Fig.4. I s o l a t e d p l a s m a m e m b r a n e s gathered at the interface between d 1.16 and d 1.18. The 
arro^vs p o i n t t o t h e r i l s o s o m a l clusters attached to the inner surface of the membranes. 
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Fig.5. Isolated plasma membranes after t rea tment w i t h p r o t e o l y t i c e n z y m e s collected at the 
interface between d 1.08 and d 1.14. Note the number o f j u n c t i o n s p r e s e n t i n tills fraction. The 
insert shows the penta-layer structure of the junc t ion . 



- 43 -

H. BLOEMENDAL et al. 101 

Table 1 
Gross composition of isolated plasma membranes from calf lens. (The values given are the means 

of three determinations.) 

Treatment 

Interface in the dis
continuous gradient 

Yield (mg protein/100 
g wet wt of lens 
cortex 

Total lipid (mg/mg 
protein) 

Phospholipid (mg/mg 
protein) 

Percentage phospho
lipid of total lipid 

Cholesterol (mg/mg 
protein) 

Molar ratio cholest-
erol/phospholipid 

Sialic acid H3S04 hydrol
ysis (nmol/mg protein) 

Neuraminidase hydrolysis 
(nmol/mg protein) 

Hexosamine HO hydrol
ysis (nmol/mg protein) 

RNA (Mg/mg protein) 

None 

dl.14-dl.16 

32 

1.25 

0.58 

46 

0.202 

0.69 

25.6 

19.1 

128 
0.8 

dl.16-dl.18 

14.6 

1.00 

0.39 

-

0.168 

0.86 

21.4 

17.6 

95 
1.8 

Trypsin 

dl.08-dl.14 dl 

47.5 

-

0.77 

-

0.268 

0.70 

25.9 

24.3 

140 
0.6 

.14-dl.l6 

4.2 

— 

0.72 

-

0.240 

0.67 

_ 

_ 

157 

-

Electrophoretic characterization 

The common procedure to determine the number and variety of membrane-

protein components is Polyacrylamide gel electrophoresis. Membrane proteins are, 

as a rule, separated more easily in a detergent than in a non-detergent gel system. In 

urea-containing gels at alkaline pH the water-soluble lens proteins dissociate into a 

number of polypeptide chains (Bloemendal et al., 1962). If this method is applied 

to solubilized plasma membranes two bands are localized in the same position as 

the acidic polypeptide chains of α-crystallin. Staining for lipoprotein and glycopro

tein reveals that a third component on this type of gels is membrane specific (fig.6). 

Since these stainings occur in exactly the same position it is hard to draw definite 

conclusions concerning the nature of this component. Either of the three following 

possibilities may be envisaged. 

(1) The band represents a lipo-glycoprotein. 

(2) Either a lipid or a sugar residue is linked to the same protein. 

(3) A lipid or a sugar residue is linked to different proteins resulting in two compo

nents with the same electrophoretic mobility. 

Polyacrylamide electrophoresis on SDS gels allows a clearcut separation of 

http://dl.14-dl.16
http://dl.16-dl.18
http://dl.08-dl.14
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Fig.6. Gel electrophoresis of solubilized lens plasma membrane proteins on Polyacrylamide gels 
containing 7 M urea at pH 8.9; (a) staining with oil red O; (b) staining with periodic Schiff 
reaction; (c) staining with amido black; (d) for comparison the pattern of water-soluble lens 
proteins under the same conditions is given. 

water-soluble lens proteins from membrane protein (fig.7). Despite extensive wash
ing of the membrane preparation, as described in the Methods section, water-
soluble lens protein components are detected in all electropherograms (compare 
fig.7a with 7b—e). Especially a-crystallin seems to be tightly bound to membranes. 
In this connection it has to be mentioned that Bracchi et al. (1971) demonstrated a 
selective binding of aged a-crystallin to lens fibre ghosts. One may question whether 
this interaction between the crystallins and the plasma membrane is an essential 
feature of the lens whose main function is its role in vision. The possibility exists 
that controlled interaction between crystallins and membrane components is a 
structural requirement for the maintenance of correct refraction. 

Trypsin treatment of the lens membranes has a striking effect on the electro-
phoretic band pattern (compare fig.7e). The high molecular weight components 
virtually disappear while the mobility of the predominant band (PB) slightly in
creases. On the other hand the so-called В chains of a-crystallin (Bloemendal, 
1969) seem to be unaffected by trypsin. The strong interaction between water-
soluble lens crystallins and the membranes is further demonstrated by the observa
tion that 7 M urea treatment of the solubilized membranes does not result in 
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a b с d e 

Fig.7. Gel electrophoresis of solubilized lens plasma membrane proteins on Polyacrylamide gels 
containing SDS; (a) for comparison the pattern of water-soluble lens proteins is shown; (b) puri
fied lens plasma membrane fraction solubilized in 1% SDS + 1% mercaptoethanol; (c) mem
brane fraction (b) insoluble in 7 M urea; (d) membrane fraction (b) soluble in 7 M urea; 
(e) membrane fraction derived from trypsin-treated crude preparation. Electrophoresis was 
performed on 14 cm Polyacrylamide gel columns containing 0.1% SDS, 5 mA per gel tube for 
13-14 hr. 

complete removal of the crystallins (fig.7c). In conclusion purified lens membranes 

apparently contain one predominant component (PB) which always has a fuzzy 

appearance. The molecular weight of this component has been estimated at ap

proximately 38,000 dalton by the method of Shapiro et al. (1967). 

Biochemical characterization 

A number of chemical characteristics of isolated lens plasma membrane fractions 

are summarized in table 1. From the values listed it appears that the molar ratio of 
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cholesterol to phospholipid is higher than in liver plasma membranes (Emmelot et 
al., 1964; Ashworth et al., 1966) and lower than in erythrocyte ghosts and myelin 
(Ashworth et al., 1966). 

The total lipid content is comparable to that reported for highly purified rat 
liver plasma membranes (Coleman et al., 1967). 

Neuraminidase liberates 73% of the total sialic acid content as in rat liver plasma 
membranes (Benedetti et al., 1968). After mild proteolytic treatment neuramini
dase action releases almost 93% of terminal sialic acid. Presumably sialic acid is 
better exposed after this treatment. This observation seems to be consistent with 
the fact that after trypsin digestion the sugar non-terminal residues of the cell 
surface are more easily accessible to phytagglutinin-binding (Nicholson, 1971). The 
RNA content is very low in the membrane fraction which concentrates at the 
interface between d 1.14 and d 1.16. As expected in the d 1.16—d 1.18 layer where 
ribosomal clusters were observed, the RNA content is somewhat higher. Preliminary 
enzymatic estimation of Na+-K+ ATPase revealed that in the isolated membranes 
from the lens cortex only residual activities are present. This is in agreement with 
earlier observations of Bonting et al. (1961), who found that this enzyme exists 
with high specific activity only in the epithelium where active transport is located. 
Acid phosphatase occurs with specific activity of 8.4 units/mg protein in the lens 
cortex plasma membrane. 

Whether this activity is due to lysosomal contamination cannot be completely 
ruled out. However, the lysosomal structure has not so far been demonstrated in the 
isolated lens plasma membrane preparation. Acid phosphatase has been reported to 
be more concentrated in the epithelium than in other lens regions (Gorthy et al., 
1971). Acid Phosphomonoesterase activity has been found in liver plasma mem
branes (Emmelot et al., 1964) where lysosomal contamination could be excluded 
by other enzyme markers. Therefore, it is not unlikely that acid Phosphomono
esterase can also be considered to be an intrinsic lens plasma membrane enzyme. 

5'-Nucleotidase could only be detected as trace amounts. The value is even lower 
than that found in hen erythrocyte plasma membranes (Zentgraf et al., 1971). 

CONCLUSIONS 

The vertebrate eye lens fibre provides a unique cell system which comprises 
essentially one kind of membrane namely the plasma membrane. Plasma membrane 
fractions have been isolated from the cortical region of calf lenses using discon
tinuous density gradient centrifugation. Electron microscopy studies revealed a high 
degree of homogeneity of the plasma membrane fraction which accumulated at the 
interface between densities 1.14 and 1.16. Membranes bearing ribosomal clusters 
gathered at the interface between densities of 1.16 and 1.18. After trypsin treat
ment of the crude membrane preparation a purified fraction concentrated at the 
interface between densities of 1.08 and 1.14. The isolated membranes are charac
terized by the presence of a peculiar type of junction which can be distinguished 
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both from the true tight junction and from the gap junction found in various 
epithelial tissues. 

Electrophoresis on SOS-containing Polyacrylamide gels allows distinction be
tween structural lens proteins (crystallins) and membrane proteins. The latter have 
a higher molecular size than the polypeptide chains of the crystallins. The number 
of specific membrane-protein components is limited. This result is in agreement 
with the concept reported for other types of membranes by Hinman et al. (1970). 
On the other hand, strong interaction between the crystallins and lens plasma 
membranes is observed. For the time being the question whether this interaction is 
functional cannot be answered. 

Preliminary findings of Broekhuyse (1971) revealed that during lens differentia
tion a drastic change in lipid composition occurs. It may be expected that the 
method described in the present paper will enable a better characterization of the 
changes of membrane structure and composition during cell differentiation, a 
process which takes place in the lens throughout its whole life span. 
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1. Introduction 

The membranous constituents in bovine lens fibers 
are mainly represented by the plasma membrane. In 
fact during the process of differentiation the other 
membranous cytoplasmic organella vanish. Previous 
electron microscopic observations have revealed that 
the fibers in the lens cortex are interconnected by a 
special type of intercellular junctions [1]. The latter 
has only a few morphological features in common with 
the 'gap' junction or nexus observed in other animal 
tissues [2]. In contrast to the general plasma mem
brane, nexuses have been found to be almost insoluble 
by detergents (3-5). Hence an attempt has been made 
to isolate fiber junctions from the lens cortex using 
deoxycholate or Sarcosyl solubilization followed by 
equilibrium density gradient centrifugation. 

In the present paper the method of isolation is 
described. Furthermore some evidence is provided 
that the fraction enriched in intercellular junctions is 
characterized by rather simple protein pattern as com
pared to the general lens plasma membrane protein 
profile. 

2. Materials and methods 

The isolation of lens plasma membranes has been 

* Present address: Department of Biochemistry, All India 
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described previously [1]. For the fractionation of 
junctions isolated plasma membranes (protein content 
1 mg per ml) have been treated for 15 min at room 
temperature with sodium deoxycholate to a final con
centration of 1% [3]. The insoluble fraction was 
collected by velocity centrifugation at 25 000 rpm 
for 15 min in an SW25 rotor of a Spinco ultracentri
fuge. The pellet was resuspended in 0.001 M bicar
bonate, layered on top of a linear sucrose gradient 
(20-60%) and centrifuged for 18 hr in an SW41 rotor 
at 40 000 rpm. The junctions were collected at a 
density of about 1.14—1.15 g/ml. 

In a number of experiments the isolated mem
branes were pretreated with trypsin-chymotrypsin 
[1] or/andhyaluronidase and collagenase [5]. In 
other experiments the isolation of the junctions was 
performed according to the method of Goodenough 
and Stoeckenius [5]. The junctions were gathered at 
a density of 1.14-1.15 g/ml. 

Electron microscopy was done on isolated fractions 
fixed for 1 hr in 4% gluteraldehyde in 0.2 M cacody-
late buffer, pH 7.2 and post-fixed in 1% osmium 
tetroxyde in the same buffer. 

The fixed samples were embedded in Vestopal W. 
Freeze etching of the isolated fractions was performed 
as described earlier [1]. 

Gel electrophoresis was carried out in 13% Poly
acrylamide containing 0.1% sodium dodecyl sulfate 
according to Laemmli [6]. The electrophoretic run 
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Figs. 1-4. Election micrographs of eye lens plasma membranes and junctions: 1) isolated lens fiber membranes; 2) isolated lens 
fiber junctions, obtained after solubilization by Sarcosyl; 3) this fraction shows rather short pentalaminai segments; 4) packed 
pellet of isolated junctions obtained after deoxycholate treatment of lens plasma membranes. 
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was for 1 hr at 6 V/cm and 2.5 hr at 12 V/cm in 13 
cm gel tubes. 

Staining was achieved in Coomassie brilliant Blue 
R for 2 hr at 370C and destaining in a solution con
taining 7.5% acetic acid and 5% methanol in water for 
24 hr at 370C. 

The samples under investigation were solubilized 
by boiling in a mixture of 4% sodium dodecyl sulfate, 
10% mercaptoethanol and 20% glycerol. 

3. Results and discussion 

The lens fiber plasma membranes appear in the 
isolated fraction as extensive membranous profiles 
interconnected by pentalaminar structures represen
tative for the junctional devices (fig. 1). 

Injunction rich fractions obtained after Sarcosyl 
solubilization the short pentalaminar segments are 
concentrated (figs. 2 and 3). In this fraction residual 
trilaminar membranes are very scarse. However, some 
amorphous or vesicular material is occasionally found 
mixed with the pentalaminar segments. 

After deoxycholate treatment the insoluble fract
ion mainly consists of pentalaminar junctional seg
ments of various length (fig. 4). Occasionally at the 
ends of the isolated junctions very short trilaminar 
membranous fragments are visible. In the freeze-
etched preparation the main structural feature of the 
isolated junction appeared to be preserved. 

The protein profile of the isolated lens fiber plasma 
membranes is characterized by a number of compo
nents. The approximate molecular weight of the 
major bands is indicated in fig. 5B. In the region from 
the top of the gel to 41 000 dalton several bands are 
detected. The intensity of these bands is reduced 
when the membranes have been pretreated with 
hyaluronidase and collagenase. Moreover the main 
bands in this region are virtually abolished by trypsin 
treatment (fig. 5C). 

In our previous studies [1] using the method 
of Weber and Osbom [7] in the region of about 38 000 
dalton only a fuzzy broad band was detected. The 
procedure of Laemmli [6] applied in the present in
vestigation enables a much higher resolution of the 
membrane protein components. In comparison with 

the results shown earlier the broad main component 
located in the 38 000 dalton region is now well re
solved into three major components, ranging from 
32 000-41 000 dalton (fig. SB). 

The latter components are still present after trypsin 
treatment of the membranes (fig. 5C). Moreover after 
this enzymatic digestion in the 34 000- 35 000 dalton 
region the heavy band appears to resolve into two 
bands and in some experiments the 32 000-33 000 
dalton band seems to split into three components. 

In the 18 000-30 000 dalton region the majority 
of protein bands coincides with the so-called water-
soluble lens proteins; the crystallins (compare fig. 5A). 
The two classes of a-crystalhn chains aA and ÛB, 
respectively, are located in the 18 000-20 000 dalton 
region. Between 22 000 and 30 000 the 0-crystallin 
polypeptide chains are distributed, while γ-crystallin, 
in contrast to an earlier statement [1], almost coin
cides with the aA chains. Since a considerable propor
tion of crystallin chains, especially α-crystallin poly
peptides, are still present in the gel pattern, even after 
repeated washing or trypsin treatment of the iso
lated membranes (compare fig. 5C), it is likely that 
these components are intrinsic constituents of the 
plasma membrane. Whether or not these 'membrane 
crystallins' reflect the linkage between the plasma 
membrane core and the structural lens fiber protein 
awaits elucidation. The existence of such a linkage 
has been suggested previously by Bracchi et al [8]. 

Trypsin treatment also gives rise to the appearance 
of a number of polypeptides in the 10 000-15 000 
dalton repon. These bands are also observed, although 
to a lesser extent, when the membrane preparation is 
stored for a few days at low temperature before per
forming the electrophoretic experiment. It is likely 
that the low molecular weight species arise from pro
teolytic degradation of the components with a mole
cular weight higher than 41 000 which are, as men
tioned before, almost abolished by trypsin treatment. 

In this connection it is noteworthy that trypsin 
treatment removes microfilai.ients which are still 
intimately associated with lens fiber plasma mem
branes even after their isolation [1]. Microfilaments 
found in a variety of cell types including lens epithe
lium [9] and lens fibers probably consist of actin-like 
proteins with a molecular weight ranging from 45 000-
55 000 [10,11]. Whether the deletion of the high 
molecular weight components after trypsin treatment 
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of the isolated lens plasma membrane also reflects the 
degradation of microfilament constituents is under 
investigation now. 

One of the major proteins whose molecular weight 
varies in different experiments from 32 000-34 000 
seems to be of particular interest. In fact this compo
nent is always found as a main lens fiber plasma mem
brane constituent. Moreover in a number of experi
ments this component is enriched upon solubilization 
of the membranes by detergents (see fig. 5D, E). Since 
the insoluble membrane fraction mainly consists of 
lens fiber junctions it can be postulated that this major 
protein band corresponds to a proper component of 
this structure. 

Goodenougli and Stoeckenius [5] and Goodenough 
[12] claimed that in mouse liver 'the gap junction 
contains one major protein with a molecular weight 
between 13 000 and 23 000 and two minor proteins'. 

The discrepancy between the finding of these 
authors and our results may reflect some differences 
in tissue and type of junctions, or the consequence of 
a selective degradation by the enzymatic digestion or 
by the proper action of different detergents. The latter 
possibility is compatible with the fact that in addition 
to the 34 000 dalton component found in both deoxy-
cholate and Sarcosyl insoluble fractions (compare fig. 
5D and 5E), a diffuse band in the 13 000 dalton region 
is clearly detected on the gel pattern of the Sarcosyl 
insoluble fraction, whereas in the junction isolated 
after deoxycholate solubilization, but submitted to the 
same enzymatic treatment, at most a very faint band 
occasionally appears in the same region. In a few ex
periments the gel pattern of the detergent-insoluble 
fraction is characterized by the appearance of a major 
component in the 25 000-26 000 dalton region while 

the 34 000 band only remains as a rather faint band 
(see fig. 5F, G). Since the morphological feature of 
the isolated junctional fraction is virtually identical 
in all experiments, it is hard to determine whether or 
not the 26 000 component in fact arises also from 
degradation. The interpretation is even more compli
cated by the fact that the 26 000 dalton band is found 
almost in the region where the main /J-crystallin chain 
0Bp [13] is located. 

In conclusion, the finding that the lens fiber junc
tions are characterized by a rather simplified protein 
patern as compared with the general plasma mem
brane allows the postulate that the junctional assembly 
might consist of a convergent accumulation of parti
culate entities formed by very few equivalcntly re
lated proteins. However, at present it remains difficult 
to relate these proteins to the complex structural archi
tecture of the junction. 

Addendum. After our manuscript was completed 
a recent publication of Goodenough [14] provided 
additional information on the variation of the gel 
pattern of isolated mouse liver gap junction protein. 
In contrast to his previous observation [5,12] now 
the occurrence of a 34 000 band has been reported in 
striking accordance with our present results. 

Furthermore Goodenough claims that in the 
presence of reducing agents the protein pattern is 
characterized primarily by a doublet at the 10 000 
dalton position. Since in all our experiments either 
mercaptoethanol or dithiothreitol at appropriate con
centration was used and the 34 000 band remained, 
it is hard to decide whether the presence of low mole
cular components is due to degradation rather than 
to a meaningful dissociation. 

Fig. 5. SDS gel electrophoresis of lens plasma membrane proteins: A) structural lens proteins (for comparison); B) proteins from 
purified membranes; C) proteins from membranes purified after trypsin treatment; D) proteins from membranes purified after 
treatment with trypsin, hyaluronidase and collagenase, followed by deoxycholate (DOC) treatment, E) as D instead of DOC Sar
cosyl was used; F) occasionally instead of the result depicted under E the pattern shown here was observed; G) same as F. but 
trypsin only was used as enzyme. (The numbers on the bands indicate the molecular weights of the corresponding polypeptides 
in lOOOdaltons.) 
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ABSTRACT Throughout the differentiation of eye lens 
epi thel ium into fibers, an extensive system of inter
cellular junc t ions develops. The junct ional assembly is 
initially characterized by the accumulat ion of 9 .0-nm 
intramembranoue particles, forming linear rows in t h e 
match ing plasma membranes of adjoining fibers. At the 
final stage of the fiber differentiation, the junct ional 
particles are assembled in geometrically packed arrays. 
The formation of linear rows and bidimensional latt ices of 
intramembranoue particles probably favors reciprocal 
recognition of cell surfaces and specific cell-to-cell inter
locking. Moreover, the existence of a rather rigid lipid core 
of the plasma membrane of eye lens fiber may promote t h e 
clustered distribution of intramembranoue particles and 
facilitate t h e junct ional assembly. 

In almost all animal tissues, low-resistance passageways and 
metabolic cooperation correlate with the presence of "gap" 
junctions (1-3). Freeze-fracturing has revealed that this type 
of junction is characterized by arrays of repeating particles 
aesociated with the mner hydrophobic matrix of the junctional 
membranes. Moreover, the arrays of particles are interlocked 
by a hexagonal lattice of pitted facets, likely originating from 
the merging of both outer membrane leaflets (4, 5). Although 
many membrane-mediated functions, such as fusion (6) and 
interaction of cell surface receptors with specific ligands (7), 
have been tentatively correlated with the spatial rearrange
ment and perturbation of the inner membrane particles made 
visible by freeze-fracturing, circumstantial evidence illustrat
ing the differentiation of plasma membranes during cell con
tact and assembly of low-resistance junctions is still incom
plete. 

Some data have been already presented illustrating the 
junctional features m embryonic and developing tissues (8, 9). 
From these interesting studies it is, however, not easily ap
parent whether some plasma membrane aspects identified m 
freeze-fracturing experiments represent the assembly of "gap" 
junctions or stages of its breakdown and dilution during 
organogenesis and tissue differentiation In the present study, 
the development of intercellular junctions in the eye lens is in
vestigated. The vertebrate lens has several unique features 
that make this avascular tissue particularly suitable for the 
analysis of differentiation processes In contrast to man> other 
developing tissues, the lens is composed of one type of epi
thelium which during the entire life of the animal will con
tinuously, and in one direction, differentiate into lens fibers 
(10). Furthermore, the latter cells are extensively connected 
by a rather unique type of junction (11,12). 

We present some evidence that m the region of cellular 
elongation, where the epithelium loses the ability to divide 

t To whom requests foi lepnnts should be addressed 

and differentiates into cortical fibers, the assembly of newly 
formed junctions is characterized by the progressive accumu
lation of particles. Initially these inner membrane particles 
form linear rows. Later they assemble in geometrically packed 
arrays. 

MATERIALS AND METHODS 

For freeze-fracturing, calf lenses were fixed for 30-60 min m 
a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde 
(v/v) in 0 2 M cacodylate buffer. 

Occasionally, after fixation the tissue was infiltrated for 1 
hr with 25% buffered glycerol at room temperature. Very 
small fragments, carefully dissected from the zone of cellular 
elongation and from the lens cortex, were mounted on gold or 
copper discs, rapidly frozen in Freon 22, and stored in liquid 
nitrogen. 

Balzers apparatuses 360 and 300 were used for freeze-
fractunng and platinum-carbon shadowing. During the 
whole operation, the specimen temperature was maintained 
at —140°. The cleaned replicas were studied with a Philips 
EM300 electron microscope. 

RESULTS 

In replicas of freeze-etched zones of cellular elongation the 
epithelial cells can be easily recognized because they have a 
relatively small cuboidal shape with complex mterdigitations. 
Moreover, they contain cytoplasmic vesicular organelles and 
large elliptical nuclei. The differentiating fibers appear as 
cellular elements several times more elongated than the epi
thelium and displaying a rather polygonal contour in cross-
fracture. The fibers are arranged in a honeycomb pattern, and 
the cell surfaces either run for a large distance parallel to each 
other in close proximity or form local complex convolutions 
and fingcrlike processes. 

The cleavage of the nonjunctional plasma membranes pro
duces, as in several other ty]>es of cells, two distinct fracture 
faces which, although they may be in close proximity, are 
always separated by an intercellular space (Fig. 1). The inner 
asi>ect of the membrane leaflet adjacent to the cytoplasm 
(fracture face A) is co-vercd by a number of randomly dis
persed particles with hetcrogeneoub sizes ranging from 4.0 to 
9.0 nm m diameter. Occasionally, even in the nonjunc
tional fracture face A, a few identical 9 0-nm particles exhibit 
cluster distribution or form linear rows interspersed with the 
other randomly distributed particle population (Fig 2). Con
versely, in the inwardly directed fracture face of the outer 
membrane leaflet (fracture face B), only few particles are visi
ble, but numerous small pits and depressions are found (com
pare Fig 1) These depres-sions hkelj correspond to the em-
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FIG. 1. Lens epithelial cell in the zone of cellular elongation. The fracture has exposed the A and the В faces of the membrane, and 
in some regions these two fracture faces are separated by the intercellular space (IS). The latter is obliterated in the junctional regions 
(J). Note the linear array (A) of 9.0-nm particles on fracture face A and the complementary pitted images (Δ) on the В face. 

FIG. 2. Epithelial cell in the zone of cellular elongation. The fracture reveals the inner aspect of the leaflet close to the cytoplasm 
(face A), where two classes of particles are visible. One type consists of particles of heterogeneous sizes (4.0-8.0 nm). The other 9.0-nm 
particles form linear arrays or polygonal clusters ( | ). Note a point of junction (J). 

FIG. 3. Epithelial cell in the zone of cellular elongation. The fracture reveals a macular "gap" junction characterized by a hexagonal 
array of pitted images on the В face and geometrical packing of 9.ü-nm particles on the A face. 

placement of spanning particulate entities, which during the 
cleavage remain associated with the complementary fracture 
face A. In differentiating epithelium and in fibers of the zone 

of cellular elongation the junctional areas are easily identified· 
At their level the two adjacent plasma membranes are in close 
proximity and the intercellular space is occupied by the inter-
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locking layer. The fracture, in a step-like fashion, splits the 
two plasma membranes and simultaneously exposes the outer 
fracture face A of the membrane leaflet adjacent to the cyto
plasm and the fracture face В of the outer membrane leaflet. 
The latter face exposes the inner aspect of the interlocking 
device (J, Fig. 1). 

Morphologically the junctional domains may vary accord
ing to shape, size, and extension of the particle assembly in the 
junctional membranes and to the proper feature of the inter
locking structure. In the elongation zone, close neighbor epi
thelial cells are connected by typical "gap" junctions. As in 
other tissues, they are characterized by geometrically packed 
arrays of particles associated with both fracture faces A of the 
junctional membranes and by an interlocking hexagonal 
lattice of pitted facets (fracture face В ; Fig. 3). 

The most sjiecial and elaborated junctional feature that is 
frequently found connecting epithelium and differentiating 
lens fibers consists of 9.0-nm particle streams of various 
length. These linear arrays of particles intersect or closely 
approach one another, but they are never organized into con
tinuous belts around the cell contour. In some areas small poly
gonal clusters of 9.()-iim partirles arc encased by the branch
ing linear arrays (compare Fig. 1). 

As the elongation of the lens fiber proceeds, the plasma 
membrane is characterized by even longer and more elaborated 
streams of particles scattered over large areas of fracture face 
A. Furthermore, the latter surface is covered by an impressive 
number of polygonal assemblies of particles displaying a great 
variety of size and shape Fig. 4. Many linear arrays of par
ticles and smaller polygonal clusters clearly merge with the 
periphery of the larger aggregates of particles. 

On fracture face В of elongating lens fibers, pitted images 
and small depressions form linear rows, clusters, and large 
assemblies. This pattern shows a strict complementarity with 
the topographic distribution of the particulate entities asso
ciated with the junctional fracture face A. 

In the lens cortex, where the fibers have elongated and 
reached a total cell surface that is more than hundred times 
larger than that of the epithelial cells, the intercellular junc
tions are extremely developed and characterized by very 
extensive polygonal particle aggregates (Fig. 5). The junc
tional particles, although closely packed, very seldom form 
hexagonal arrays. Consistently, the pitted images coplanar 
with fracture face В are not arrayed in a regular geometric 
lattice. Occasionally small macular "gap" junctions are 
scattered within the large junctional areas. 

DISCUSSION 

The results of this s-tudy provide some evidence that signifi
cant changes of the plasma membrane organization develop 
during the process of cellular elongation in the lens. An essen
tial morphological feature of the plasma membrane during the 
differentiation of the epithelium into fibers concerns the 
presence and the progressive accumulation of particles within 
the hydrophobic core of the membrane leaflets in potential 
areas for cell-to-cell contact. 

The accumulation of particles, in fact, seems to be the 
prominent membrane structural event leading to the forma
tion of an extensive system of junctions that will connect lens 
fibers at the stage of their terminal differentiation. The pro
cess of junctional assembly is characterized morphologically 
by the convergence of 9.0-nm particles, forming linear rows 
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or streams in the two matching plasma membranes. The 
linear rows either anastomose, forming an irregular network 
or interconnected aggregates of geometrically packed par
ticles. 

In mature animal tissue (ref. 13; compare ref. 2) some low-
resistance passageways have been found associated with very 
similar junctional features to those observed by us at the 
early stage of cellular elongation in the lens. In particular, 
Raviola and Gilula (14) have described the presence of "gap" 
junctions coupling cones to retinal rods that were charac
terized primarily by linear rows of particles rather than by 
hexagonally packed membrane subunits. This similarity may 
therefore imply that identical plasma membrane features 
characterize either fully developed intercellular junctions or 
dynamic stages of their assembly. 

It can be postulated that linear amiys of particulate inner 
membrane entities could provide a strong structural frame, 
triggering further particle assembly. Moreover, the intersect
ing rows developing in adjacent plasma membranes could also 
account for a local tangential polarity coding for reciprocal 
recognition of the tvfo cell surfaces and for specific cell-to-cell 
interlocking. 

It is noteworthy that streams of inner membrane particles 
are found either during the formation or as a consequence of 
the breakdown of "tight" junctions (8, 9) (and see ref. 15). 

Our observations do not establish a clear correlation 
between the preexisting "gap" junctions coupling lens epi
thelial cells (manuscript in preparation) and the develop
mental process of the junctions connecting fibers. The pre
existing "gaps" apparently do not act as nucleation sites for 
the apposition of new junctional material; it is more likely that 
remnant "gaps" are diluted during the elongation process 
within the frame of the largest junctional structures connect
ing the fibers. 

Evidence derived from rapidly growing cells in vitro or from 
reaggregation experiments indicates that the formation of 
low-resistance pathways, revealed by appropriate electro
physiological measurements, may occur in a short period of 
the order of a few minutes (1, 16-18). It is thus unlikely that 
this rapid event at the plasma membrane level should be 
associated with a program involving new biosynthesis and 
insertion of junctional constituents. 

It is, therefore, tempting to conclude that at least in some 
cellular systems the rapid assembly of junctions correlates 
with the lateral movement of a preexisting pool of junctional 
particles. However, the same morphogenetic principle is not 
necessarily valid for the differentiation of fiber junctions. In 
the lens there is a unique pattern of growth resulting in a slow 
apposition, layer upon layer, of fiber cells originating from 
cuboidal epithelium (10). 

Since, during elongation the amount of surface membranes 
of the fibers as compared to the epithelial cells increases 
almost a thousand times, one has to conclude that the dif
ferentiation of the epithelium into fibers must involve the 
biosynthesis of new plasma membrane material (19). 

Although a sound biochemical analysis of this process is still 
lacking, incorporation studies have in fact shown that the 
phospholipid metabolism is mainly active in the epithelium 
and in the elongation zone. There, a characteristic type of 
plasma membrane is built up, displaying a molar ratio of 
cholesterol to phospholipids higher than in many other mem
branes and rich in fatty acids either fully saturated or at most 
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FIG. 4. Lens fibers in the zone of cellular elongation. The fracture has exposed large areas of the inner aspects of the A and В faces. 
On the A face, most of the 9.0-nm particles form elaborated streams and linear rows. A large assembly of 9.0-nm particles is also visible 
(J). The junctional domain is interrupted in some areas and the intercellular space (IS) is visible. 

FIG. 5. Cortical lens fibers. Developed intercellular junction characterized by a potygonal assembly of particles exposed on the A face. 
The В face exposes the inner aspect of the interlocking structure, consisting of a rather irregular packing of pitted images. 
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monounsaturated (11). These data suggest the c\istence of a 
rather rigid lipid matrix in the lens plasma membranes 

Fiom tissue cultuie experiments (20, 21) there is giowmg 
evidence that elusteiod distribution of inner membrane par-
tic les, whit h seems to be a membrane stri« turai feature essi n-
tial for ii'M-to-tell ii ι tei action, pieferentiallv conx'lates with a 
rather rigid lipid coi e of the plasma membrane. 

Thus, the proper lipid composition of the lens fiber plasma 
membranes per se could be a condition promoting the assem
bly of junctional pai tides that likel> consist of identical or 
very few closelj ι elated hjdrophobic proteins As a conse
quence, the inner membranous pai tides will tend to aggre
gate, forming a bidimensional array of legat ing subumts 
within a rather rigid lipid domain probably othei than a bi-
lajer 

This assumption is probably consistent with the morphologi
cal features of fiber junctions and with our recent observation 
that those structural complexes, isolated by detergent solubi
lization, display a rather simple protein pattern characterized 
bj a major constituent of 34,000 daltons (12) 

The functional iole of the fully developed lens fiber junc
tions remains to be established Electrophj siological studies 
on the lens have not provided conclusive e\ idente of the exis
tence of an clectiual coupling between fibers (22) The fact 
that the proper architecture of fiber junction deviates from 
that of a t j pical "gap" cannot be taken as a proof that the 
fibers are uncoupled Actually, morphological vanants of 
"ga]>" junctions between electrically coupled cells have rc-
peatly been described (see ref 2) 
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CHAPTER б 

CONCLUDING REMARKS 

Our study by freeze-etching demonstrates that typical gap junctions 

or nexus connect epithelial cells one another and epithelium with 

fiber cells of the outermost peripheral layer. As in other tissues 

the lens gap junctions possess packed geometrical arrays of 9.0 nm 

inner membrane particles, on fracture face A of the junctional 

membranes, and a hexagonal lattice of pitted facets, associated 

with the fracture face В of the interlocking junctional region. The 

presence of gap junctions may therefore indicate that the lens epi

thelial cells are connected by low resistance pathways. Strong ex

perimental evidence has in fact demonstrated that gap junctions or 

nexus are the most probable site of intercellular communication (1, 

2). In several cell types the electrical and metabolic coupling 

correlates with the presence of gap junctions and in some instances 

asmall nexus is found to be the sole and unique junctional speciali

zation present between coupled cells (3). The latter circumstance 

seems to be also a characteristic feature of the lens epithelium 

because these cells are connected exclusively by gap junctions. 

Unfortunately, the electrophysiological evidence for electrical 

coupling between epithelial cells in the lens is not very impressive. 

Up to date, the electrical coupling and the passage of tracers have 

been only described in .-the lens fibers (4, 5, 6), but the existence 
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of cell-to-cell communication in the epithelium has not yet been 

positively reported. It is, however, tempting to correlate the 

presence of nexuses in the lens epithelium with cell coupling 

likewise jjn other cell systems where the latter phenomenon has 

been proved by electrophysiological experiments (2, 7, 8). Actual

ly low-resistance passageways between epithelial cells, where the 

electrogenic cation pump is located (9), and between epithelial 

cells and cortical fibers, could actively participate in the main

tenance of the electrochemical gradients existing across the lens. 

Electrophysiological observations have provided a compelling evi

dence that the flow of water and ions across different types of 

mural epithelia, displaying variable values of transepithelial 

electrical resistance, is essentially associated with paracellular 

routes of permeation, rather than with variation of the specific 

conductance of the epithelial plasma membrane (10, 11). Actually 

the main low-resistance pathway by-passes individual cells and 

runs longitudinally through the intercellular clefts. The paracellu

lar gateways are controlled by a specific type of plasma membrane 

specialization - the tight junctions - forming a continuous closing 

belt around each cell.„Freeze-fracturing has revealed that the 

structural feature of these occluding junctions is quite different 

from that of the nexus. When the fracture passes through the "zonula 

occludens" or tight junction, the two membranes in tight apposition 

are simultaneously splitted and a complicate meshwork of ridges and 

complementary furrows is exposed (12, 13). 

The efficiency of the sealing device, evaluated by measuring the 

paracellular shunt and by the penetration of electron dense tracers 

across the region of membrane apposition, apparently correlates with 

the extension and complexity of the interconnected series of ridges 

and furrows (14). By measuring the lens electrical resistance specific 
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values of approximately 1-2 χ 10 ohm/cm were obtained (15, 16). 

From the latter value the lens should fit into the Frömter-Diamond 

(10) group of epithelia displaying a great ohmic resistance in 

correlation with a restriction of water and ion flow across para-

cellular routes of permeation. On the other hand the measurements 

of potential profiles in the lens indicate that the cells in the 

cortex are capable to maintain a rather high potential difference 

across their plasma membranes, which do not seem to be excessively 

leaky to ions (17). It is therefore surprising that occluding zones 

or tight junctions are neither observed in the epithelial layer nor 

between cortical fibers. Consistently with the latter conclusion 

water-soluble tracers in the lens have been seen to diffuse readily 

in the lens and fill the intercellular spaces (18, 19). Rae (16) 

has claimed that the pathways of passive current flow in the lens 

are probably very complex and that high and low resistance gateways 

might occur simultaneously in the lens. It is, however, not easily 

apparent where in the lens the tight and the leaky gateways are 

respectively located and what kind of specialized cell contact 

regulates the paraceliular permeation throughout the organ. 

As shown in this study, extensive areas of the fiber cell surface 

in the lens cortex are occupied by a special type of junction which 

resides in the large planar portions of apposing plasma membranes. 

The freeze-fracture features of the junctions connecting lens fibers 

are most similar to those of the "gap" junctions, with the remarkable 

exception that the 9.0 nm particles visualized at the fracture faces 

A of the junctional leaflets do not appear in a highly ordered hexago

nal arrangement. Rather, the particle arrays exhibit a pleomorphism 

of packing. The same feature is consistent with the aspect of the 

junctional fracture face B, where the pattern of the complementary 

pits is also not hexagonal. 

These freeze-fracture features of the lens fiber junctions may well be 
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included in the several variations of the nexus features which have 

been described in various types of tissues. These variations involve 

the size, the spacing, the regularity of the packing of the inner 

membrane particles and of the complementary pits and also the size 

and shape of the junctional domains (3). In gap junctions of some 

vertebrate (20) and invertebrate (21) tissues the membrane particles 

may appear to lie in rows which either anastomose forming an irregular 

net or interconnect aggregates of geometrically packed particles. 

Moreover, in various invertebrate tissues the fracture plane cleaves 

the junctional membranes in such a way that the inner membrane parti

cles appear preferentially attached on fracture face B. Conversely, in 

this type of "inverted" junctions the fracture face A displays a hexa

gonal array of circular pits (22, 23). 

Although the junctional pleomorphism may correlate with qualitative 

and quantitative variations of the physiological properties of the 

nexuses, the interpretation of the structural features in terms of 

junctional efficiency cannot be positively assessed. 

Recently it has been claimed that changes in the packing of the globular 

arrays of "gap" junctions correlate with changes in the junctional per

meability. The treatment with uncouplers of various types of cells con

nected by low-resistance junctions induces at the same time the increase 

of the junctional resistance and the more geometrical and close packing 

of the junctional inner membrane particles (24). If a less regular 

packing of the junctional particles correlates with a more efficient 

coupling, then the junctions connecting lens fibers should be highly 

permeable. Actually the calculation of the coupling ratio between two 

adjacent lens cortical fibers, and the passage of tracers from one fiber 

to another, tend to prove the existence of cell-to-cell communication. 

However, the degree of the coupling is positively non impressive 

(VTT/VT = 0.05) if compared with the index of communication in other 
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cellular systems (5). 

As far as the question of how the regularity of the lattice organi

zation may affect the permeability properties of the junctional sieve, 

one might speculate that a regular hexagonal pattern would fulfil 

better than a disordered packing of junctional particles, some prin

ciples of structuration for a cooperative membrane regulatory function 

(25, 26). Therefore, any generalization on a direct correlation be

tween the efficiency of low-resistance junction and one particulate 

junctional feature has to be considered rather premature. Actually 

the junctional efficiency relays in fact on many parameters, such as 

the ohmic resistance of junctional and non-junctional membranes, the 

shape, the size, the arrangement of the interconnected cells and the 

junctional area-to-cell volume ratio (cf. réf. 27). Hence the effec

tive work of low-resistance junctions present in a complex cellular 

system cannot be fully evaluated merely by the estimation of the 

coupling ratio and the rate of passage of tracers. 

As in the true nexus found in other tissues the arrays of interlocking 

junctional units between the lens fibers are longitudinally permeated 

by the extracellular flow of electron dense tracer substances (our un

published .results using colloidal lanthanum hydroxide). In agreement 

with our results. Rae (18) and Wakely (19) have reported that the 

intercellular space and the junctional region between lens fibers are 

permeable to procion dye and lanthanum hydroxide. Consequently the 

array of junctional units bridging two opposite plasma membranes do 

not seal off the extracellular spaces between lens fibers. However, it 

cannot be completely ruled out that such an elaborate and very exten- • 

sive system of junctional units connecting lens fibers may exert a 

relative restriction to the free movement of water and ions along the 

narrow extracellular environment circumventing each junctional unit. 

On the other hand, the restriction of water movement across the lens 
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would also appear to reflect its thickness rather than any inherent 

"water-proofing" as compared to other tissues displaying high elec

trical resistance (15). 

The molecular architecture and chemical nature of the lens fiber 

junctions are different from those of the general plasma membranes 

since the latter regions are almost completely solubilized by deter

gents, while the gap junctions are resistent to the same treatment. 

Our attempts of isolation of the gap junctions are in fact based upon 

the selective resistance of the junctional membrane to solubilization 

with sodium deoxicholate or Sarkosyl. 

By gel electrophoretic experiments in SDS the isolated junctions from 

eye lens fibers (see Chapter 4) are characterized by a rather simple 

protein pattern as compared to the general plasma membrane protein 

profile. One of the proteins, whose molecular weight varies in diffe

rent experiments from 32,000 to 34,000 dalton, is always found as a 

main lens fiber plasma membrane constituent, and it is enriched in the 

membrane fraction isolated by detergents. Since the latter fraction 

mainly consists of lens fiber junctions, we proposed that this 34,000 

protein is a major and proper component of the fiber junctions. In 

accordance with these results, Goodenough (28) has reported the occur

rence of a 34,000 dalton component as major constituent of the isolated 

gap junctions of mouse liver. It is not yet fully elucidated whether 

this 34,000 dalton component corresponds to an oligomeric association 

of low molecular weight polypeptides, or to a monomeri с protein. Recent 

ly Gilula claimed that the major components of liver gap junctions are 

two polypeptides of low molecular weight (29). 

The presence of a single predominant protein is not uncommon in bio

logical membrane characterized by ordered geometrical assembly of re

peating subunits. 

Moreover, the demonstration that in various tissues and in different 
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animal species the gap junctions are characterized by a common protein 

profile may explain the occurrence of low-resistance junctions and 

metabolic cooperation between cells that are genetically different (30, 

31, 32, 33). One could then postulate that in the cell lines lacking 

gap junctions and cell-to-cell communication, either the phenotypic 

expression of the proper junctional protein pattern is repressed, or 

the assembly process of the junctional constituents is somehow altered. 

Obviously this view needs further investigations. 

Actually if further protein pattern analysis on gap junctions isolated 

from a greater variety of tissues will confirm the existence of a common 

junctional protein component, then the assumption (see Chapter 2) that 

the process of junctional differentiation initiates with a convergent 

accumulation within the lipid membrane domain of preexisting or newly 

synthesized particulate entities consisting of a single or very few 

quasi-equivalently related protein, will be greatly reinforced. 

There is some evidence to suggest that some membrane mediated functions, 

such as cell fusion (34), endo- and exocytosis (35) and cell contact 

(36), may be dependent or associated with the rearrangement, or pertur

bation, of the amphipatic protein/glycoprotein components forming the 

particles intercalated within the lipid domain. 

In addition, it has been shown that several different actions affecting 

either the proteins (cf. réf. 37) or the lipids (38) of the plasma mem

brane may induce the rearrangement and the clustering of the inner mem

brane particles visualized by freeze-cleavage on the membrane fracture 

faces. 

The clustering of the inner membrane particles in the plane of the 

plasma membrane core has been observed in mammalian cells agglutinated 

by concanavalin A. The clustered distribution of the membrane particulate 

entities seems, however, not to be an inherent characteristic of the 

agglutinable cells, but rather an acquired feature dependent upon or 
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associateci with cell agglutination (39). 

In a more general sense it might be postulated that cross-bridging 

between cell surface receptors or antigenic sites by multivalent 

ligands, and also "trans"-glycosylation of glycoprotein acceptors 

localized on the opposite surfaces of adjoining cells (40, 41), 

could trigger the rearrangement in the plane of the plasma membranes 

of preexisting or newly synthesized "junctional" particles. The ac

cumulation of these identical or equivalently related protein subunits 

would lead to the formation of a bidimensional lattice or linear array 

of bimodal junctional units between the partner plasma membranes res

ponsible for low-resistance pathways. This assumption probably accords 

well with the observations provided by the freeze-fracturing technique 

applied to animal cells in culture (42) and to embryonic (43) or de

veloping tissues (44, 45), where low-resistance junctions are found. 

These studies, although incomplete, have shown that in areas of cell 

contact the junctional assembly is characterized by progressive accu

mulation of structurally identical particles in the plane of the mem

brane leaflets. These particles may form either rows or polygonal 

clusters matching the two plasma membranes in close contact and ob

literating the intercellular space. As the differentiation of the 

junctions proceeds, the convergent accumulation of the bimodal junc

tional units leads to a more elaborate and extensive assembly of packed 

arrays. Evidence derived from our observations on the lens fibers during 

differentiation provides a strong support for the latter postulate. 

There is some evidence suggesting that in rapidly growing tissue low-

resistance pathways may be formed, at any step of the cell cycle in a 

period of time which is probably too short to be compatible with a pro

gramme involving a new synthesis and insertion of junctional constituents 

(cf. réf. 46). In these cellular systems, therefore, the rapid and pro

bably reversible assembly of low-resistance junctions may correlate with 
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the lateral movement of a preexisting pool of "junctional" particles 

in the fluid lipid domain. 

However, in other slowly growing tissues, such as the lens epithelium, 

the process of junctional differentiation may not necessarily be the 

same, and the assembly process could even be favored by a rather rigid 

lipid core. The latter condition would in fact promote the segregation 

of newly synthesized protein particles. Consistently, from tissue cul

ture experiments evidence has been provided that the clustered distri

bution of inner membrane particles is associated with a rather rigid 

lipid domain and mediates cell-to-cell contact and density inhibition 

of growth (36, 47). 
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SUMMARY 

In this thesis the structural characterization of the intercellular 

junctions in the epithelium and cortex of eye lens tissue is des

cribed. The presence of true nexuses connecting the epithelial cells 

one to another and the epithelium to fibers provide a strong indica

tion that the lens cellular elements are connected by pathways pro

bably favoring electrical and metabolic coupling. The cortical fibers 

display a new type of junction which may be considered as structural 

variants of true nexuses. In the same region of the lens the junctions 

occupy an extensive area of the plasma membranes. In contrast to the 

general plasma membranes the fiber junctions are resistent to the 

action of detergents. Hence it was possible to separate them in a 

rather pure fraction. 

These junctions display a rather simple protein pattern as compared 

to the general plasma membrane protein profile. The latter pattern 

is also characterized by the presence of crystal lins in the range 

between 18,000-30,000 daltons which usually are classified as the 

water-soluble fraction of the lens. 

The plasma membranes of the fibers seem also to be associated with 

cytoplasmic structures, probably microfilaments consisting of protein 

with rather high molecular v/eight which is sensitive to tryptic diges

tion. In the region of the cellular elongation some proper features 

of the plasma membranes are consistent with the assumption that the 

process of junctional assembly is characterized by the accumulation 

of preexisting or newly synthesized junctional particulate constituents. 
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SAMENVATTING 

In dit proefschrift wordt de structurele karakterisering van inter

cellulaire "junctions" in lensepitheel en -cortex beschreven. De 

aanwezigheid van ware nexussen die de epitheelcellen onderling en 

het epitheel met de lensvezelcellen verbinden, geeft een sterke 

aanwijzing dat lenscel-elementen verbonden zijn door routes die 

zeer waarschijnlijk electrische en metabolische koppeling bevorde

ren. In de cortexvezelcellen werd een nieuw type "junction" gevon

den dat beschouwd zou kunnen worden als een structurele variant 

van de ware nexus. In hetzelfde gebied van de lens vertegenwoordigen 

de "junctions" een aanzienlijk deel van de totale membraanhoeveel-

heid. De vezel-"junctions" zijn in tegenstelling tot de plasmalemma 

resistent tegen de werking van detergentia. Hierdoor werd het moge

lijk hen in een tamelijk zuivere fractie te verkrijgen. 

Deze "junctions" vertonen een tamelijk eenvoudig eiwitpatroon ver

geleken met dat van de plasmalemma. Het genoemde eiwitpatroon bevat 

ook lens-crystalline ketens in het traject van 18.000-30.000 dalton. 

Deze Polypeptiden worden gewoonlijk als "water-oplosbaar" gekarak

teriseerd. 

De plasmamembranen van de vezel cell en schijnen ook in verbinding te 

staan met cytoplasmatische structuren, waarschijnlijk microfilamenten 

die uit hoogmoleculair eiwit bestaan dat door trypsine kan worden af

gebroken. Tenslotte zijn een aantal karakteristieken van de plasma

membranen in de zogenaamde elongatiezone in overeenstemming met de 

veronderstelling dat "junction"-assemblage neerkomt op accumulatie 

van reeds bestaande of de novo gesynthetiseerde "junction"-componenten. 
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