Preface

Direct cell-cell communication is a common property of multicellular
organisms that is achieved through membrane channels which are organized
in gap junctions. The protein subunits of these intercellular channels, the
connexins, form a multigene family that has been investigated in great detail
in recent years. It has now become clear that, in different tissues, connexins
speak several languages that control specific cellular functions. This progress
has been made possible by the availability of new molecular tools and the
improvement of basic techniques for the study of membrane channels, as well
as by the use of genetic approaches to study protein function in vivo. More
important, connexins have gained visibility because mutations in some connexin
genes have been found to be linked to human genetic disorders.

Connexin Methods and Protocols presents in detail a collection of tech-
niques currently used to study the cellular and molecular biology of connexins
and their physiological properties. The field of gap junctions and connexin
research has always been characterized by a multidisciplinary approach com-
bining morphology, biochemistry, biophysics, and cellular and molecular
biology. This book provides a series of cutting-edge protocols and includes a
large spectrum of practical methods that are available to investigate the func-
tion of connexin channels.

Connexin Methods and Protocols is divided into three main parts. In the
first part, we have included chapters dealing with common laboratory tech-
niques that have been specifically adapted to the study of connexins and gap
junction channels. The second part presents a variety of approaches that are
more closely related to functional studies of this form of cell-cell communi-
cation. Finally, in the third part, we have grouped chapters that discuss the prop-
erties of connexins in relation to their functional role. Most chapters are organized
in a very schematic fashion with a step-by-step presentation of the technique
to facilitate its introduction into the laboratory. Other chapters are more narra-
tive in style, since they discuss specific theoretical aspects of connexin biol-
ogy and physiology and are, therefore, not amenable to the same format. We
hope that Connexin Methods and Protocols will set the standard for assays
used to investigate connexins and demonstrate their involvement in intercel-
lular communication. Since there is an existing “connexin link” (connexin-
connection @listserv.uni-stuttgart.de) that provides a forum to disseminate
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information among researchers in this field, we hope that this electronic
address may be used to post comments and protocol updates.

This book is intended for doctoral students and postdocs who are starting
their work in the connexin field and wish to approach a key biological question
involving several techniques. It will be equally useful to group leaders whose
research activity either brings them to the study of connexins and cell—cell
communication or requires the timely addition of more techniques to their
laboratory repertoire. For instance, the cloning of the connexin counterparts
in invertebrates, the innexin family, together with the association of connexin
mutations to human diseases, has now brought developmental and human ge-
neticists into the field of intercellular communication. It is to be hoped that
the new breed of connexin researchers may find this book useful at this time.

At the 1987 Gap Junction meeting held in Asilomar (USA) the scientific
community agreed on a nomenclature that distinguishes connexins on the basis
of species of origin and appends the molecular mass predicted by cloned DNA
sequences to the family name connexin (Cx). For example, the 43 kDa protein
first identified in myocardial gap junctions is termed Cx43 and connexin ho-
mologs from different organisms can be distinguished with a suitable identi-
fying prefix. Despite its limitations, this convention is currently used by the
vast majority of researchers and, therefore, has been adopted throughout this
book. The connexin family has now grown well beyond the only four members
that were known 12 years ago. Thus, at the 1999 meeting on connexins and gap
junctions (Gwatt, Switzerland), a committee was formed to address the issue
of nomenclature. The committee has now reached a consensus and has recom-
mended that the current nomenclature be retained.

Finally, we wish to thank all the authors for their patience in dealing
with our picky reviews of the manuscripts. We hope that, despite the changes
and rigidity in style that we have occasionally imposed, they will be as pleased
with the outcome as we have been with their excellent contributions: we are
already using some of their protocols in our laboratories. We are also grateful
to the series editor, John Walker, for his invitation, since our editorial work
has considerably improved our practical knowledge of connexins.

Roberto Bruzzone, MD
Christian Giaume, PhD
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Sodium Dodecyl Sulfate-Freeze-Fracture
Immunolabeling of Gap Junctions

Irene Dunia, Michel Recouvreur, Pierre Nicolas, Nalin M. Kumar,
Hans Bloemendal, and E. Lucio Benedetti

1. Introduction

By the mid 1960s, pioneering work using high-resolution electron micros-
copy, new fixation methods, and negative staining of isolated liver plasma
membranes allowed the identification of a geometric subunit pattern likely
associated with junctional domains (Z,2). Furthermore, the application of tissue
impregnation with electron-dense tracers revealed that the minute “gap” (2 nm
wide) between the closely adjoining junctional membranes comprised an hex-
agonal subunit pattern. This type of membrane—membrane interaction, distinct
from tight junctions, adhesion plaques, and desmosomes, was originally called
“gap junction” (3).

The connexins are the polypeptides forming the six subunits of a single com-
municating oligomer (connexon) (4-6). A large number of connexin isoforms
has been sequenced, and several experiments have shown that the gap junction
assembly even in one single tissue may display a great variety of expression
patterns and that a single communicating channel may be formed by different
connexin subunits (4,5,7). Furthermore, the gap junction phenotype is not a
static character. During growth, differentiation, and aging the communicating
junctional constituents are submitted to many structural and biochemical events
such as phosphorylation, proteolysis, assembly, disassembly, and crystalliza-
tion (4). Significant advances in gap junction structural biology have been
achieved by a new technological endeavor. Among the novel techniques,
freeze-fracture and freeze—etching have opened new avenues for the study of
the fine structure of gap junctions and their modulation with developmental,
functional, and biochemical events (cf. ref. 8). These techniques produced the
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most solid and direct evidence of the en face view of the subunit organization
of the junctional membranes (see Notes 1 and 2).

In the gap junction a pair of hexameric units, matching one another in per-
fect register, forms the connecting transmembrane device spanning the lipid
bilayers (4). The freeze—fracture simultaneously splits the two opposite junc-
tional membranes in a stepwise fashion. The cleavage passes along one of the
bilayers and exposes the inner aspect of the leaflet adjacent to the cytoplasm
(protoplasmic fracture face or PF), then the adjacent membrane is cleaved and
the exposed fracture face corresponds to the inwardly directed face of the outer
membrane leaflet (exoplasmic fracture face or EF). The junctional PF is char-
acterized by a polygonal assembly of 9-nm intramembranous particles (IMPs).
The corresponding EF displays a complementary arrangement of pits or
depressions (9,10) (see Note 2). However, conventional freeze—fracture and
etching do not provide information on the chemical nature of the pleiomorphic
features of the gap junctions visualized on the fracture faces. This inherent
limitation of the technique prompted several investigators to develop new
methods combining freeze—fracture and etching with immunocytochemical
labeling. The aim of such technological development was to study in parallel
the ultrastructural features and the biochemical nature of the membrane con-
stituents (11-14). Among the different methods of immunolabeling, the sodium
dodecyl sulfate-digested freeze—fracture replica labeling (SDS-FL), originally
developed by Fujimoto (15), produced consistent information on the organiza-
tion of the intercellular junctions, particularly during their assembly and func-
tional changes (Fig. 1, see Note 3).

The basic principle of the SDS-FL technique is that the freeze-cleaved
membrane halves become physically stabilized by the metal shadowing during
replication. These stabilized membrane halves are not dissolved by the deter-
gent, as the apolar inner membrane core positioned against and stabilized by
the metal cast became resistant to detergent solubilization. The detergent treat-
ment, however, may unravel and/or expose antigenic polar domains anchored
to the stabilized membrane structure and allow immunolabeling thereafter (Fig. 2,
see Note 4). A recent modification of SDS-FL, using Lexan stabilized freeze-
fracture replicas, has been proposed by Rash and Yasumura (15a).

2. Materials

2.1. Quick Freezing

1. A Dewar flask filled with liquid nitrogen (Balzers, Liechtenstein).

2. A solid metal cylinder comprising a small receptacle at the top (3 cm depth),
sitting across the neck of the Dewar flask (Balzers).

3. Propane gas bottle (Balzers) and regulator valve to control the flow of gas com-
ing out (see Note 5).



Connexin Freeze-Fracture Immunolabeling 35

Fig. 1. SDS-FL of the outer lens cortex where the assembly of gap junctions con-
necting the elongating fibers takes place. Immunogold labeling (10-nm gold particles)
using the polyclonal antibody directed against the middle cytoplasmic domain of Cx50,
between the second and third transmembrane domains. Freeze—fracture has mainly
exposed the membrane leaflet close to the cytoplasm, protoplasmic fracture face (PF).
Only small fragments of the exoplasmic fracture face (EF) are exposed. Note the great
variety in size of the newly assembled junctional domains, characterized by clusters of
identical 9-nm intramembrane particles (IMPs). The immunogold labeling is specifi-
cally restricted to the junctional plaques. Bar = 80 nm.
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Fig. 2. Diagrammatic representation of the SDS-FL of gap junctions. At low tem-
perature (—150°C) the cleavage plane splits the junctional membranes into two halves,
exposing both the pitted exoplasmic fracture face (EF) and the protoplasmic fracture
face (PF) where the single connexons are anchored (I and II). SDS solubilization
unravels the antigenic sites of connexins exposed at the cytoplasmic surface of the
junctional membrane (III). Both fractured and uncleaved junctional bilayers are hold
and remain “stabilized “ by the platinum/carbon replica (Pt/C and C), allowing the
subsequent gold immunolabeling (III).

4. Another Dewar flask filled with liquid nitrogen to store specimens after freezing.

5. Specimen holders: precleaned gold—nickel alloy discs with a central solid flat-
topped platform (Balzers), previously scratched lightly in a criss-cross pattern
with a scalpel blade, to increase the adhesion of the frozen sample.

6. Fine-tipped forceps.



Connexin Freeze-Fracture Immunolabeling 37

2.2.

1.

2.3.

—

Freeze-Fracture and Replication

A freeze-fracture apparatus, model 301 or 400 (Balzers), equipped with a
turbomolecular pump, liquid nitrogen-cooled trap and electron gun beams ready
to evaporate: a platinum and a carbon layer (Pt/C) at an oblique angle of about
45° and a perpendicular layer of carbon respectively.

Quartz crystal thin film monitor (Balzers).

Appropriate styrofoam box filled with liquid nitrogen to cool the specimen holder
injector.

Precision tweezers.

Detergent Treatment of the Replica
Phosphate-buffered saline (PBS), pH 7.4.

2. Buffered 2% SDS in 10 mM Tris-HCI and 30 mM sucrose, pH 8.3.

2.4.

Nk W=

2.5.

. Affinity-purified rabbit polyclonal antibodies directed against the major intrinsic

2.6.

DN =

Porcelain spotting plaques.

Immunolabeling

PBS, pH 7.4.

1% Bovine serum albumin (BSA) in PBS.

0.2% BSA in PBS.

0.5% Glutaraldehyde in PBS.

50 mM Glycine in PBS.

Reagents were obtained from Sigma, unless otherwise indicated.

Antibodies

membrane protein of the lens fibers (MP26) that recognize the native protein
(16) at a 1:500 dilution.

Rabbit polyclonal antibodies directed against MP26 that recognize the native pro-
tein and its proteolytic derivatives (17) at 1:200.

Affinity-purified polyclonal antibodies directed against the Cx46 J peptide (18)
(see Subheading 3.5., step 3) at 1:200.

Polyclonal antibodies directed against a Cx50 peptide (19) at 1:200 dilution.
Monoclonal antibody directed against MP70 (Cx50) (20) at 1:200 dilution.
Protein A conjugated to 15- or 10-nm gold particles (Department of Cell Biol-
ogy, University of Utrecht, The Netherlands).

Mouse-IgG coupled to 15- or 10-nm colloidal gold particles (Amersham).

Mounting the Replica
Distilled water.

. 300-mesh coated (thin film of Formvar or collodion) grids for electron

microscopy.
0.3% Formvar solution (dichloroethane) or 1% collodion (chloroform).
Precision tweezers.
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3. Methods
3.1. Dissection and Preparation of the Frozen Specimens

1.

3.2.

. Start the pumping procedure of the freeze—fracture unit once the electron beam

The Dewar flask filled with liquid nitrogen is placed in the fume cupboard; the
solid metal cylinder, comprising a small receptacle at the top, is placed inside.
Propane from the bottle is dispensed into the inner receptacle with the regulator
valve adjusted to give a slow flow to fill it completely with condensed propane.
The material to prepare the samples has to be dissected immediately after the
animals are killed. Very small (0.25 mm?) and thin pieces of the biological mate-
rial were placed on the specimen holders under a binocular microscope.

Once the propane was cooled to —180°C (see Note 5), each mounted specimen
held in a fine-tipped forceps was manually plunged into the liquid propane, at the
highest speed possible. The specimens need to be made and frozen one by one
(working temperature about 93 K or —170°C), to avoid drying and shrinkage of
the sample. After standing each sample in the liquid propane for about 15 s to
rapidly freeze it, the samples need to be rapidly transferred into the liquid nitro-
gen contained in the second Dewar flask to store them (see Note 6). The opening
of the propane receptacle must be kept covered with a polystyrene lid between
freezing runs.

Freeze-Fracture and Replication

guns are ready and the knife (razor blade) of the microtome arm has been changed.
Preheat the electron beam guns when vacuum is 10~ Torr. Pt/C gun: 1000 V, 50 mA,
preheating for 2 min. C gun: 1500 V, 50 mA, preheating for 5 min.

Start the cooling process of the specimen table to —150°C (about 15 min) and the
cooling of the microtome arm.

Start to cool the injector and the specimen holder plate by immersion in the
adapted styrofoam box.

Transfer carefully, with a precooled tweezers, one sample (stored in liquid nitro-
gen) to the precooled specimen holder plate in the liquid nitrogen.

When the specimen table is cold (-150°C), open the trap of the freeze—fracture
unit adapted for introducing the injector holding the specimen.

Take out the injector and close the trap as soon as the sample is well fixed in the
specimen table.

When the microtome arm is cold (~196°C) and the vacuum reaches at least 5 x 10~/
Torr (about 20 min after replacement of the sample), adjust at —140°C the tem-
perature of the sample table (requires approx 10 min).

Wait till the vacuum is 2 x 1077 Torr.

Fracture the specimen superficially with great care, moving the cold microtome
arm and “fracturing” the surface of the specimen with the cold knife. Carefully
control these manipulations through the binocular stereo microscope outside the
vacuum chamber (see Note 7).
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1.

12.

13.

3.3.

1.

2.

~

oW

Cover the final fractured surface of the specimen by placing the microtome arm
above the sample as soon as the fracture is completed.

Start the heating of the electron gun beam for Pt/C evaporation. As soon as the
appropriate current values are 1900 V and 90 mA, the evaporation on the specimen
can start: uncover the fractured surface, by moving away the microtome arm, and
shadowcast the specimen with a 2 nm Pt/C evaporation at an oblique angle of 45°,
controlling the thickness of the Pt/C deposit on the quartz crystal monitor.

Switch off the Pt/C evaporation and switch on the electron gun beam for carbon at
2300 V and 120 mA. Evaporate a perpendicular 20-nm carbon layer (see Note 8).

Thawing and Detergent Treatment

Once the replication process has been completed, the trap is vented and the speci-
men holder is removed with the injector.

Manipulate the specimen holder carefully with tweezers. Thawing of the replica
should be very delicately achieved to minimize fragmentation. Use a stereomi-
croscope to control the different manipulations.

The replica is detached from the tissue by immersion in PBS, with gentle agita-
tion, using a plastic pipet, to create a movement of the surrounding liquid around
the replica. Porcelain spotting plaques are used for all manipulations.

As soon as the replicas, complete or in pieces, are detached from the bulk of the
biological material, they are transferred to 2% SDS-Tris—sucrose buffer, taking
care to immerse the replica completely in the detergent solution. Intermittent
agitation, with a plastic pipet, is produced. Change the SDS solution 3—4 times.
The total SDS treatment is prolonged for 1-2 h maximum (see Note 4).

. Next, wash the replica thoroughly in PBS (6 X 3 min).

3.4.
3.4.

Immunolabeling
1. Simple Immunolabeling

To saturate nonspecific binding sites, incubate in PBS—1% BSA for 10 min.
Incubate with a specific antibody at an appropriate dilution in PBS-0.2% BSA
for 30 min.

Wash 5%, 3 min each, in PBS-0.2% BSA.

Incubate with protein A—gold at an appropriate dilution or with the correspond-
ing gold-labeled IgG diluted in PBS—0.2% BSA for 20 min.

Wash 5% in PBS, 3 min each.

Fix in 0.5% glutaraldehyde in PBS for 5 min.

Wash several times in distilled water before mounting the replica on grids previ-
ously covered with a thin film of Formvar or collodion.

3.4.2. Double Immunolabeling

1.
2.

Incubate in PBS-50 mM glycine (2 X 5 min).
Glycine is used to quench free aldehyde groups.
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3.

3.5.

3.5.
1.
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For double or triple labeling, repeat all the steps of simple immunolabeling, either
once (double labeling) or twice (triple labeling) (see Notes 9-11).

Antibodies Raised Against Connexins and MP26
1. Polyclonal Antibodies

Antiserum directed against MIP. Rabbit antiserum purified SDS-denatured calf
MIP (MP26) was prepared as described previously (21). Lens membranes
enriched in junctions were solubilized in SDS, reduced, alkylated, and separated
on preparative SDS gels. Gel strips corresponding to proteins with a molecular
mass of approx 26 kDa were removed from the preparative gel and crushed.
Immunization was done by injection of the crushed gel strips in complete
Freund’s adjuvant. The resulting antiserum recognized a single component in
lens membranes with a molecular mass of 25.5 kDa—MIP—from calf, mouse,
rat and chicken by Western blotting and by immunohistochemistry on frozen
sections (16,21), and did not recognize lower molecular weight, presumably
degraded forms, of MIP. The antiserum against MIP was used at 1:500 for immu-
nofluorescence and SDS-FL.

Antiserum directed against MP26. This antiserum was produced in rabbits against
a chloroform—methanol extract of MP26 (22), solubilized from isolated lens fiber
plasma membranes, as described (23). The resulting antiserum specifically rec-
ognized MP26 and its degradation products (MP22, lower molecular weight) by
immunoblotting (17). The antiserum against MP26 was used at 1:200 dilution for
SDS-FL.

Antibody directed against a Cx46 (Cxa3) J peptide. Cxa3J peptide corresponds
to the intracellular loop (J) based on the putative topology of connexins (24) and
the amino acid sequence of rat Cx46 (25). This peptide was synthesized with a
cysteine added to the C-terminus to facilitate attachment to a carrier protein, KLH
(keyhole limpet hemocyanin). The sequence of the peptide was as follows:
RRDNPQHGRGREPMC, assigned to residue 115-128. The synthetic peptide
was coupled to KLH using m-maleimidobenzoyl-N-hydroxysuccinimide ester
(MBS) as previously described (24,25). The generation of polyclonal peptide
antiserum in rabbits was carried out as previously described (24,25). The Cx46
antibodies were affinity purified and characterized by Western blotting and
immunofluorescence analysis (18,26—-28). By these criteria, this antiserum rec-
ognizes the full-length form (44.6 kDa) of Cx46, as well as smaller degradation
products, but does not cross-react with other connexins. The Cxa3J antiserum
was used at a 1:200 dilution for immunohistochemistry and SDS-FL.

Antibody directed against a Cx50 peptide. This antiserum was produced in rab-
bits against a synthetic peptide corresponding to residues 124-136 of Cx50 as
described in ref. 19. The Cx50 antiserum was characterized by Western blotting
and immunofluorescence analysis (19). We used a 1:200 dilution of this antise-
rum for SDS-FL.
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3.5.2. Monoclonal Antibodies

1. Antibody to Cx50 (64 B2-C6). A mouse monoclonal antibody to Cx50 was gen-
erated using urea-extracted membranes isolated from sheep lenses (20). Anti-
bodies from the hybridoma cell line (6—4 B2-C6) were found to be specific for
fiber membrane junctional domains as determined by Western blotting and immuno-
histochemistry (20,29). Hybridoma 64 B2-C6 recognizes antigens present in calf,
chicken, mouse, rat, and toad (20). Cleavage of Cx50 to a 38-kDa form resulted
in a loss of the epitope recognized by this monoclonal antibody (30). Hence, this
antibody is likely to recognize a c-terminal domain (31). This monoclonal anti-
body was used at a 1:200 dilution for immunohistochemistry and SDS-FL.

3.6. Mounting the Replica

This procedure is the final step before the examination of the SDS-FL in the
electron microscope. Once the immunostaining is achieved, and after several
washes in distilled water where the replicas have been completely immersed, it
is necessary to float them at a clean surface of distilled water. Floating replicas
may be mounted on electron microscopy grids (Formvar-coated or collodium-
coated grids) from above or below, depending on the individual’s preference.
As cleaning, mounting is always carried out with the aid of a binocular micro-
scope. When mounting from above is done, the grid, held by the tips of fine
forceps, is brought face-on into contact with the replica, pushing it down into
water, and then, in a single continuous twisting movement, the grid is turned
over and out of the water, carrying the replica on top. Any traces of water are
carefully removed with pointed strips of filter paper applied to the edge of the
grid. Freeze—fracture replicas are chemically inert and reasonably resistant to
damage by electron irradiation. If stored in a clean environment replicas will
last indefinitely. The resolution of a replica is limited by the dimensions of the
metal grains used to generate contrast, being 1.5-2 nm for a Pt/C replica.

4. Notes

1. During freeze-fracture the membrane bilayer is cleaved along its hydrophobic
core. Thus the freeze-fracture reveals the internal organization of both the lipid
and the protein of the inner core of the membrane bilayer. In addition, freeze-
etching exposes the ultrastructural features of the true external and inner
cytoplasmic surfaces of the membranes. Therefore, the observation of both frac-
tured and etched exposed faces provide a tridimensional view of the membrane
(32-35; cf. refs. in 36). In a replica of a biological membrane, the inner proto-
plasmic face (PF) of the leaflet cleaved along its hydrophobic matrix shows a
heterogeneous appearance characterized by smooth areas and particulate entities
ranging in diameter from 4 to 14 nm (intramembranous particles or [[IMPs]) likely
comprising the transmembrane proteins. The exoplasmic fracture face (EF) is
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characterized by the presence of few IMPs and multiple small pits created by the
transmembrane proteins dislocated from the outer half of the bilayer. Thus a dis-
tinct asymmetric distribution of IMP is found in freeze-fractured biological mem-
branes. The transmembrane proteins interact more strongly with the protoplasmic
half of the bilayer (PF) and/or with extrinsic constituents associated with the
inner cytoplasmic surface of the membrane (37). The IMP partition coefficient
(Kp) between PF and EF can be calculated as follows: K,= CP/CE, where CP and
CE are the concentrations in number of IMPs per unit surface adhering to the PF
and to the EF, respectively. During freeze—fracture, integral membrane proteins
are asymmetrically partitioned between EF and PF. Therefore, each resulting
cleaved membrane half does not contain the entire set of proteins, and probably
of lipids, present in the intact membrane (38). So far, it is not easily apparent
whether or not connexons, built up by a distinct set of connexins, have a prefer-
ential partition coefficient for either PF or EF. The application of SDS-FL using
site-directed antibodies will be a useful tool for addressing the preferential parti-
tion of connexin isoforms (cf. ref. 24).

We anticipated that in the gap junction the fracture plane extends from one to the
other membrane of the same junction. Thus, freeze—fracture of junctional mem-
branes splits the hydrophobic interior of each bilayer, exposing IMPs on the pro-
toplasmic leaflet (JPF) and their complementary pits on the exoplasmic leaflet
(JEF). Obviously, junctional IMPs comprise connexins (Figs. 3 and 4). It might
also be that junctional IMP enclosed not only connexins but also tightly bound
lipids and auxiliary proteins (39). These remarks should be taken into consider-
ation when one needs to elucidate the results of the SDS-FL experiments. Another
interesting problem concerns the region where the connexon pairs are fractured.
Experiments carried out with high-resolution rotary shadowing have provided
the evidence that the junctional particles on PF may display different heights
(40). This observation suggests that the freeze—fracture of connexon pairs takes
place randomly and even along protein domains with prevailing covalent bond-
ing (37,38). We should, however, take into consideration that other data obtained
by rapid freezing (41), atomic force microscopy (42), and three-dimensional elec-
tron crystallography (43—45), of split or recombinant gap junction membranes
demonstrated that the connexon-exposed outer surface is characterized by struc-

Fig. 3. SDS-FL of the outer lens cortex using polyclonal antibodies raised against
the cytoplasmic exposed Cx50 domain. The freeze-fracture has simultaneously split
the opposite bilayers of two adjoining lens fibers. The cleavage opened the inner core
of one bilayer and exposed the exoplasmic fracture face (EF). Then, the fracture passed
in a step-by-step fashion along the bilayer of the adjoining plasma membrane and
discovered the inner aspect of the protoplasmic fracture face (PF). One junctional
plaque can be identified on EF by the presence of a round-shaped agglomeration of
small depressions (JEF). The gold immunolabeling is positively associated with the
pitted plaque. The two junctional plaques exposed on PF, (JPF) are characterized by
the assembly of 9-nm intramembrane particles (IMPs). The gold immunolabeling is
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restricted to the junctional domains. The arrows point to the sites where the intercellu-
lar gap is abruptly reduced. Bar = 50 nm.
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Fig. 4. SDS-FL of cortical lens fiber plasma membranes. Double-immunolabeling
with antibodies directed against Cx46 (15-nm gold particles) and Cx50 (10-nm gold
particles). The double labeling shows that these two lens connexins are codistributed
on the same junctional plaque. JEF, junctional exoplasmic face; JPF, junctional proto-
plasmic face. Bar = 40 nm. Reproduced from Dunia et al. (55).

tural features comparable to junctional IMPs on PF of conventional replicas of
intact gap junctions. These observations suggest that the IMPs visualized on PF
of gap junctions are primarily single connexons exposed by a freeze—fracture
plane that passes in the middle of the extracellular docking domain of connexon
pairs. The proposed freeze-fracture mechanism of the gap junction and the results
of SDS-FL will be better understood if one takes into consideration the molecu-
lar model illustrating the vertical interaction of the connexins forming the trans-
membrane communicating pair. A model conceives that the two extracellular
loops (E1 and E2) of each connexin connected by disulfide bonds (46), forming a
hemichannel dock with the opposite connexin-exposed segments and inter-
digitates like the two sides of a “zip.” The extracellular loop region consists of
stacked intercalated (3-sheets resulting in an antiparallel -barrel motif. The bar-
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rel would possess concentric layers, one formed by E1 loops and the other by E2
loops, respectively. The outer surface and the center of the barrel are essentially
hydrophilic. Conversely, the interphase between the two concentric layers is
expected to be highly apolar, composed mainly of intercalated hydrophobic side-
chains of residues originating from two opposed [3-sheets (44—48). Such a tightly
packed hydrophobic wall should confer high stability to the docking of the two
connexons forming a pair. It may also explain why conditions used for splitting
the gap junctions are usually chemically harsh, involving alkaline pH, chaotropic
agents (urea), or a combination of the two treatments (41,42,48,49; for additional
references see Chapter 3 by Sosinsky and Perkins in this volume). Furthermore,
the molecular features of the docking domain of the connexon pairs will consti-
tute a barrier preventing any leakage from inside the channel to the extracellular
space (gap). On the other hand, during freeze-fracture the extracellular domain
will be the most fragile site of the connexon pair because at low temperature the
hydrophobic bonds are weakened. Therefore, the extracellular domain between
two opposed connexons represents the site where the freeze-cleavage can abruptly
disjoin the connexon pair (Fig. 2).

3. The application of SDS-FL is very useful for the study of the relationship between
connexin assembly and cell surface proteins that are implicated in cell-cell rec-
ognition and membrane—membrane interactions (50-53). SDS-FL will also con-
tribute to the definition of the close lipid environment in the gap junction domains
by using specific antibodies against the lipid moiety of the membrane (54). In
addition, SDS-FL could provide some clues on the potential role of the major
intrinsic lens fiber membrane polypeptide (MP26) during gap junction assembly
(55). This event occurs during the terminal differentiation of epithelial lens cells
into elongating fibers (56). The results of SDS-FL suggest that MP26 forms trans-
membrane oligomers randomly distributed in the general plasma membrane that
upon freeze-fracture remain anchored to the PF (Fig. 5), likely functioning as
aquaporin (57). On the other hand, MP26 oligomers may also constitute around
the gap junctional domain a borderline of transmembrane linked pairs according
a model purported for connexon pairs (see Note 2 and ref. 55). Hence the appli-
cation of SDS-FL suggests that a membrane constituent—MP26—may fulfill
different functions and is integrated within the lipid bilayer in different confor-
mations (Figs. 5 and 6). Furthermore the SDS-FL is a method of general applica-
bility for the identification of spatial distribution of constituents that are involved
in the assembly of specialized plasma membrane domains (desmosomes, tight
junctions, etc.), and immunochemically characterize the extrinsic membrane pro-
teins that are implicated in cell surface modulation (58,59).

4. The assumption of Fujimoto (15), addressing the feasibility of SDS-FL, is that
the freeze-cleaved membrane halves on the metal shadowing somehow became
grasped by the Pt/C mold and physically stabilized. As a consequence the apolar
inner core of the cleaved membrane halves are no longer accessible to the SDS
binding. Nevertheless, SDS treatment may extract extrinsic membrane constitu-
ents and unravel connexon antigenic sites associated with the “stabilized” proto-
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plasmic fracture (PF) halves. The immunolabeling will be further facilitated by
washing out the detergent with PBS. An important question concerns the mecha-
nism of gold immunolabeling of the pitted junctional exoplasmic fracture (EF)
faces. This question is especially pertinent when the antibody used for immuno-
labeling recognizes connexin antigenic sites exposed at the cytoplasmic surface
of the junctional membrane. One should consider the fact that proteins differ in
their intrinsic stability toward SDS solubilization. There exist several examples
of protein—lipid membrane domains resistant to SDS denaturation and that may
form complexes with the SDS (60-62). Therefore one hypothesis could be that
the tight protein—protein and protein—lipid interactions between connexons are
relatively stable toward the detergent treatment applied for SDS-FL and that SDS
instead of denaturate may promote formation of complexes (63,64). At this point,
it is also noteworthy to recall that gap junctions were originally isolated from the
general plasma membrane because this specialized domain is resistant to deter-
gent solubilization (65,66). Hence the stability of the gap junction protein-lipid
scaffold toward detergent treatment during SDS-FL likely accounts for the
persistent association between the connexons within the uncleaved junctional
membrane and the freeze-fractured and replicated membrane halves recognized
as junctional pitted EF (Fig. 2). We assume that the evidence of gold particles
apparently labeling the junctional EF in fact correlates with the gold inmuno-
labeling of the cytoplasmic exposed antigenic sites of connexin within the
uncleaved bilayer.

5. Extreme care must always be taken to eliminate any possibility of an explosion
hazard when working with liquefied flammable gases in general and particularly
with propane. All work must be undertaken within the confines of an extraction
fume cupboard suitable for allowing safe escape of flammable vapors and naked
flames. Electrical switches that might generate sparks must be excluded from the
work area. The liquefied cryogen should be safely discarded after each experi-

Fig. 5. (Opposite page) (A) SDS-FL of cortical lens fibers plasma membranes using
polyclonal antibodies raised against MP26 (10-nm gold particles). Both junctional
protoplasmic (PF) and exoplasmic faces (EF) are exposed. MP26 immunolabeling
remains almost exclusively associated with PF. Conversely, MP26 immunolabeling of
EF specifically delimits the borderline between the junctional domain and the general
plasma membranes (arrowheads). Curved arrows point to the site where the intercel-
lular space is reduced. Black arrows point to the accumulation of junctional
intramembrane particles (IMPs) on PF. (B) SDS-fracture double-immunolabeling of
cortical fiber plasma membrane with anti-MP26 (15-nm gold particles) and anti-(Cx50
(10-nm gold particles). The immunolabeling of anti-Cx50 (10-nm gold particles) is
specifically localized where arrays of 9-nm identical IMPs are closely packed. Con-
versely, MP26 immunolabeling (15-nm gold particles), is mainly confined to areas
where IMPs on PF are randomly distributed (bracket) or along the rim between EF and
PF where the intercellular space is reduced (arrowheads). Bars = 50 nm.
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Fig. 6. SDS-FL of cortical lens fibers plasma membrane using polyclonal antibodies
raised against MP26. The freeze—fracture exposes a large EF surface. The junctional
plaque (JEF) appears as a round-shaped pitted depression. The gold immunolabeling is
positively restricted to a belt surrounding the junctional domain (arrowheads, brackets).
Bar =50 nm.
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ment, either by evaporation within the fume cupboard or by carefully pouring the
liquid onto the ground at a distance from people, automobiles, and buildings and
other installations.

6. The preparation of the frozen specimens to be fractured and replicated is a crucial
step of this technique. The routine method of overcoming the problem of damag-
ing ice crystal formation is the use of a cryoprotectant, with or without previous
chemical fixation. For SDS-FL because the material has to be processed unfixed
the critical freezing rate of the specimen should be increased to ensure best freez-
ing, to reduce the size of ice crystals compatible with the induction of the so-called
vitrification state of the biological specimen. The first sections from the surface of
the specimen (measuring 5-20 pm) are properly and quickly frozen. In this “vit-
rified” state the amount and distribution of the water content of the specimen are
preserved. The specimen should be as small as possible and the time interval
between sampling and freezing of each sample should be as short as possible to
avoid modifications of the structure. Many rapid-freezing methods exist: high-
pressure freezing, spray freezing, jet freezing, plunge freezing, and cold-block
freezing. The results are satisfactory but they often involve sophisticated and
expensive equipment. The entry velocity attainable by manual plunge freezing is
not as high or as reproducible as can be achieved using a mechanical device, but
the method is simple, has negligible cost, and, with practice, gives consistently
good results when used with thin specimens. The detailed methodology, advan-
tages and disadvantages of different techniques are exhaustively described else-
where (cf. 67,68). Once the specimens are frozen they can be used directly for
further processing or stored for use at some future time. Frozen specimens must be
handled in such a way that temperature increase does not occur. In particular, tem-
perature should not be allowed to rise above about 90 K (-150°C), because some
ice crystal growth may occur. Storage in liquid nitrogen is both safest and easiest,
and perfectly suitable for specimens to be used for freeze-fracture replication.

7. The fracturing process cleaves the frozen specimen along the plane that offers
the least resistance to the applied forces, namely, along the membrane hydropho-
bic core. Fracturing is done with a microtome knife edge (razor blade). The zone
of ideal freezing of the specimen is limited to a thickness between of 5 and 20 pm
from the surface depending on the quick-freezing method used (cf. 67,68). Thus,
the frozen specimen should be fractured superficially.

8. Deposition of the shadowcast (replica) onto the specimen fracture faces must be
done in a vacuum coating unit. Excellent vacuum conditions, with a minimum of
condensable gases around the specimen during exposure of the fracture planes to
the metal deposit, are essential. Several liquid nitrogen or helium-cooled traps
have been developed. The aim of these devices is to surround the sample with a
cold trap to avoid contamination of the specimen fracture faces particularly with
water vapor condensing from either the vacuum unit or parts covered with hoar
frost (cf. 67,68). The replication process should copy the relief produced by speci-
men fracturing. This process involves two steps. First, an electron-opaque metal,
Pt/C, is evaporated onto the specimen at an oblique angle (approx 45°) to the
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average orientation of the fracture planes to provide contrast. Second, the patches
of shadowed material are bound together and reinforced by the deposition of a
low electron-scattering layer of carbon evaporated perpendicular to the fracture
plane. Several parameters increase shadowing resolution (cf. 67,68). The user of
the freeze—fracture technique is often confronted with the question of whether or
not the results of the application of this method are credible. We may assume that
when the main physical parameters governing each step of the technique are thor-
oughly controlled and optimized (69), this method of specimen preparation yields
reliable information almost devoid of artifacts. Nevertheless the use of compara-
tive techniques in conjunction with freeze—fracture and etching will provide use-
ful data that will corroborate the interpretation of the replica (cf. 67,68). It is
noteworthy to recall that the combination of freeze—fracture and low tempera-
ture X-ray diffraction experiments has provided evidence that the crystalline
order of complex lipid—water phases remains preserved after freeze—fracture and
replication (70).

Immunolabeling needs to be performed under extremely clean conditions, with
freshly prepared solutions and filtered water. It is important to always keep the
replicas wet. Appropriate controls are necessary—for a single immunolabeling,
using a comparable nonspecific antibody instead of the specific antibody and
testing the protein A—gold conjugate alone without primary antibody. As con-
trols for double or triple labeling, each step needs to be performed separately as a
single immunolabeling. For double or triple labeling, one may ask what is the
best choice of the size and the order of the gold particles. This should be tested by
trial and error. In a multiple labeling procedure the yield of the later gold step is
less than in a simple labeling (cf. 7I). Thus, it is advisable to label the scarcest
antigen first, using the largest size of gold particles. The best combination is
found by changing the order of the different sizes of gold particles for the same
kind of double or triple labeling. Can one gold particle be interpreted as a posi-
tive reaction? Any label observed has to be considered specifically if the anti-
body is characterized by biochemical means as giving a positive reaction. The
labeling efficiency of the SDS-FL corresponds to the proportion of an antigen in
a replica that is recognized by an antibody, or the number of immunogold par-
ticles divided by the known number of antigens that they label. For other meth-
ods of immunolabeling, the labeling efficiency is rarely above 10%. Thus, one
gold particle can be judged as a positive reaction for an antigen present at very
low amounts. Without doubt, this is a handicap for immunocytochemistry at the
electron microscopy level, as only antigens present in relatively high amounts
can be immunolocalized. When the background is low or nondetectable, more
than three gold particles are judged as a positive reaction.

Several factors affect the labeling efficiency. First, experimental variables: the
quality of the antibody and of the gold and several labeling parameters such as
the length of the labeling, dilution of the antibody and gold, temperature, etc.
Second, antigen-related variables deal with the different conformations of the
antigens to be labeled. Third, the fracture mechanism, detergent treatment, and
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particularly the molecular conformation of the constituent (for proteins: number
of transmembrane domains, posttranslational modifications, etc.) need to be taken
into account. In our experience, prolonged SDS treatment (6—12 h) diminishes
the labeling efficiency. Finally, an additional factor to be considered at high anti-
gen concentration is the possibility of steric hindrance, that is, the presence of
one bound antibody and /or gold particle may hinder the access of further anti-
body/gold particles to closely adjacent antigens.

The semiquantitative evaluation of immunogold labeling can be applied to SDS-FL,
including basic stereology. This methodology has been extensively reviewed
(¢f. 72=74). Quantitative estimation of the immunolabeling of connexins on the
gap junction domain, respectively on PF and EF, has been thoroughly illustrated
by (50) and (53).
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