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1. Introduction
The principle of in situ hybridization is the specific annealing of a labeled

DNA or RNA probe to complementary sequences present in tissues, followed
by detection of the probe. The complementary sequences can be present in
chromosomal DNA, viral DNA or RNA, transcript RNA, etc. A particular in
situ hybridization technique corresponds to each type of these nucleic acids.
All these techniques, including in situ hybridization to transcript RNA, have
been described in detail in several books or specialized papers that the reader is
invited to consult (e.g., 1–6). This chapter deals only with in situ hybridization
to transcript RNA, and it is focused on the localization of connexin (Cx) gene
transcripts in mammalian tissues. In the text below the expression “in situ
hybridization” is used only in the restrictive sense of “in situ hybridization to
transcript RNA”.

In situ hybridization and immunohistochemistry are complementary tech-
niques that enable spatiotemporal analysis of gene expression in a topographi-
cal context. As a first approach to gene expression, the in situ hybridization
technique provides results more quickly than immunohistochemistry when the
required antibodies are not available. Transcript detection by in situ hybridiza-
tion can be carried out either on intact embryos with nonradioactive probes
(whole-mount in situ hybridization technique) or on tissue sections with radio-
active or nonradioactive probes (7,8). The choice between a radioactive and a
nonradioactive approach depends on variables such as the sensitivity and the
spatial resolution of detection that is required, and whether or not the detection
method should be quantitative so as to allow determination of the cellular content
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of mRNA molecules. The nonradioactive approach, on whole-mount embryos
or on sections, is the best technique if the spatial resolution is the determining
factor but in spite of considerable improvements (8,9), its sensitivity remains
lower than that of the radioactive approach. The latter technique is the method
of choice if the transcript to be detected is present only in low abundance in the
biological material investigated.

The choice between a whole-mount and a sectioning technique depends on
variables such as the size of the tissue being investigated and the three-dimen-
sional complexity of the structures being stained. The whole-mount approach,
which has emerged with advances in developmental biology, is more success-
ful at early developmental stages and is faster than an isotopic technique. A
complex staining pattern could limit the usefulness of this approach because of
the superimposition of stained features, but this may be solved by analyzing
serial sections of embryos after the probe immunodetection step. In addition,
in most cases, a whole-mount approach has to be accompanied by an analysis
of stained embryo sections to identify the cells that express the gene transcript
being investigated. As embryos grow, both their size and the extracellular
matrix content increase. Both parameters limit the penetration of probes and
hence rule out the use of a whole-mount approach. However, even in a section-
ing approach, there is a penetration problem: small molecules, such as sub-
strates for enzyme-histochemical reactions, easily penetrate adult and embryonic
tissues (10) but macromolecules, such as enzymes, antibodies, and polynucle-
otides (11), hardly penetrate into adult tissues, irrespective of whether the mem-
branous structures are intact (unfixed or formaldehyde-fixed tissue) or
destroyed (precipitating fixatives such as alcohols or acetone, or addition of
detergents to the probes). Finally, the localization of transcripts in complex
organs or tissues by a sectioning approach requires a three-dimensional recon-
struction to fully make the most of the results.

The first report dealing with the localization of Cx gene transcripts by in situ
hybridization was published by Micevych and Abelson in 1991 (12). The radio-
active in situ hybridization technique on sections used by these authors to inves-
tigate the distribution of Cx32 and Cx43 mRNAs in rat brain was later repeated,
and improved, by several authors, on organs other than brain and for the tran-
scripts of various Cx genes (13–17). Application of the whole-mount in situ
hybridization technique for the localization of Cx gene transcripts has appeared
more recently and has been used on both zebrafish (18) and mammalian
(17,19,20) embryos.

The techniques described below are based on our experiences with, on the
one hand, the localization of different Cx gene transcripts in the cardiovascular
system of mouse embryos with the whole-mount in situ hybridization tech-
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nique (17,20) (see Subheading 3.1.) and, on the other hand, the localization of
a variety of mRNAs, including Cx mRNAs, in rat, mouse, and human tissues
(embryonic, fetal and adult) with the in situ hybridization technique on sec-
tions with radioactive probes (15–17,21,22) (see Subheading 3.2.).

1.1. Whole-Mount In Situ Hybridization

The whole-mount in situ hybridization technique (see Subheading 3.1.)
consists, first, in incubating fixed embryos of different developmental stages
with a digoxigenin (DIG)-labeled riboprobe (cRNA) and then, after hybridiza-
tion, in detecting this probe with anti-DIG–alkaline phosphatase conjugated
antibodies which, in turn, are localized with a chromogenic substrate. The chro-
mogenic reaction stains the cells that express the investigated gene transcripts,
and thus enables their visualization in a three-dimensional context throughout
development. Many embryos can be processed in a single experiment (manu-
ally, or better, using an automate) so that statistically significant results are
obtained by comparing the embryos to each other. Recently, this method has
been expanded to the simultaneous use of two different probes on the same
embryos to perform two-color in situ hybridizations (23).

1.2. Radioactive In Situ Hybridization on Tissue Sections

The protocol described below (see Subheading 3.2.) is based on our experi-
ence with the detection and localization of various mRNAs in different tissues
initially using 35S-labeled cDNA probes (29). This protocol essentially follows
that described by Holland (30), but is laced with minor modifications found
over the years to be beneficial or more convenient. We have adapted this pro-
tocol for the use of cRNA probes (15–17,21,22) and assessed the quantitative
aspects of the procedure (31). It was applied in particular to rat and mouse
embryo sections to identify the Cx genes expressed in specific structures such
as the trabeculae or the developing compact myocardium of the heart, or parts
of the conduction system such as the nodes (15–17). By exchanging the radio-
actively labeled probe for a nonradioactively labeled probe, as described in
Subheadings 2.1. and 3.1., a nonradioactive in situ analysis can be performed
on sections (8).

2. Materials
2.1. Whole-Mount In Situ Hybridization

All the solutions have to be made RNase-free to preserve the integrity of
both the riboprobe and the embryo transcripts themselves until the first washes
of the embryos to eliminate the unbound riboprobe (Subheading 3.1.4.1.) (see
Note 1).
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2.1.1. Riboprobe Synthesis

1. DEPC-treated water: 0.1% (v/v) diethyl pyrocarbonate (DEPC; Fluka) is added to
distilled water, mixed thoroughly, kept at room temperature (RT) under a chemi-
cal hood in an open bottle (to allow vapors to escape) for at least 12 h, and auto-
claved (see Note 2).

2. Phenol and chloroform (chloroform–isoamylalcohol 24:1, v/v).
3. 3 M Sodium acetate in DEPC-treated water, pH 5.2.
4. 100% and 70% (in DEPC-treated water) ice-cold ethanol.
5. RNA polymerases (T3, T7, or SP6), 10× solution NTP–DIG (nucleotide

trisphosphates–digoxigenin) and transcription buffer, all supplied by the manu-
facturer (Boehringer-Mannheim).

6. RNase inhibitor (RNasin) and DNase I (RNase-free) (Boehringer-Mannheim).
7. Tris-buffered saline solution (TBS): 0.1 M Tris-HCl, 10 mM EDTA, 1% SDS in

bidistilled water, pH 7.5. Sterilize.
8. 6 M Ammonium acetate in DEPC-treated water.

2.1.2. Fixation of the Embryos

1. Phosphate-buffered saline (PBS). A 500-mL 10× stock solution is made up of
DEPC-treated water (1.5 M NaCl, 0.1 M Na-phosphate, pH 7.4). This solution is
stored at RT. The 1× solution is made fresh as required from the 10× stock solu-
tion with DEPC-treated water.

2. PBT buffer: 0.1% Tween-20 (v/v) in 1× PBS.
3. Fixation solution A: 4% Formaldehyde solution in PBT made from paraformal-

dehyde powder (Sigma). Paraformaldehyde is more readily soluble in hot PBT
(60–70°C) and at basic pH (add one or two drops of 1 N NaOH to the solution
while stirring). Adjust the pH after cooling (see Note 3).

4. 100% ethanol and 25%, 50% and 75% ethanol solutions in PBT.

2.1.3. Prehybridization and Hybridization Steps

These solutions are prepared from molecular biology grade products.
1. 30% H2O2 solution (Sigma).
2. Proteinase K (Sigma): 10 µg/mL in DEPC-treated water.
3. Glycine solution: 2 mg/mL glycine in PBT.
4. Fixation solution B: 0.2% Glutaraldehyde in fixation solution A. The fixation

solution B is made fresh as required from both fixation solution A and an 8%
glutaraldehyde stock solution. The 8% glutaraldehyde stock solution is made
from a 70% glutaraldehyde solution (Sigma) diluted with DEPC-treated water,
aliquoted, and stored at –20°C.

5. SSC (20× stock solution): 3 M NaCl, 0.3 M Na-citrate, pH 7.2 in DEPC-
treated water.

6. Formamide (analytical grade).
7. Hybridization buffer: 50% Formamide, 5× saline sodium citrate (SSC), 50 µg/mL

of yeast total RNA (Sigma), 1% sodium dodecyl sulfate (SDS), 50 µg/mL of
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heparin (Sigma) in DEPC-treated water. Stocks of yeast total RNA (50 mg/mL)
and heparin (50 mg/mL) are aliquoted and stored at –20°C.

2.1.4. Immunodetection of the Riboprobe

1. Washing solution 1: 50% formamide (v/v), 5X SSC, 1% SDS in distilled water.
2. Washing solution 2: 0.5 M NaCl, 10 mM Tris-HCl, pH 7.5, 0.1% Tween-20 in

distilled water.
3. Washing solution 3: 50% formamide, 2X SSC, in distilled water.
4. RNase A (Boehringer-Mannheim), 100× stock solution: 10 mg/mL in distilled

water. The stock solution is stored at –20°C and working solution (100 µg/mL) is
made as required in distilled water.

5. TBST (10× stock solution): 1.4 M NaCl, 27 mM KCl, 0.25 M Tris-HCl, pH 7.5,
1% Tween-20 in distilled water. This stock solution is stored at RT and 1× solu-
tions are made fresh as required.

6. Normal sheep serum (Sigma).
7. Embryo acetone powder (24).

(a) Homogenize 20 mouse embryos of 13.5 d (E13.5) in PBS (about 20 mL) at
4°C using a Potter-type homogenizer.

(b) Add four volumes of cold acetone and mix vigorously.
(c) Keep on ice for 30 min with occasional vigorous mixing.
(d) Centrifuge for 10 min at 4°C at 10,000g.
(e) Discard the supernatant. Repeat steps 2–5. Transfer the pellet onto a clean

filter paper and let air-dry. Store the powder in an air-tight container (14 mL,
disposable round-bottom plasticware from Falcon) at –20°C. This powder is
stable for months.

8. Alkaline phosphatase-conjugated anti-DIG antibodies (sheep Fab fragments)
(DIG nucleic acid detection kit, Boehringer-Mannheim).

9. Reaction buffer (NTMT): 100 mM NaCl; 100 mM Tris-HCl, pH 9.5, 50 mM MgCl2,
0.1% Tween-20 in distilled water. This solution must be made fresh as required.

10. Staining solution: 10 mL of reaction buffer plus 45 µL of 4-nitroblue tetrazolium
chloride (NBT) and 35 µL of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (DIG
nucleic acid detection kit, Boehringer-Mannheim).

11. Glycerol/PBT solutions: 1:1 (v/v) and 4:1 (v/v) solutions supplemented with
0.02% NaN3 (w/v) as preservative.

2.1.5. Embedding and Sectioning of the Stained Embryos

1. 100% Isopropanol and 50%, 75% and 90% isopropanol solutions in PBS.
2. 0.15 M NaCl solution in distilled water.
3. Embedding wax: 98% Paraplast (Monojet Scientific) (melting point: 55–57°C;

contains dimethyl sulfoxide (DMSO) for rapid tissue infiltration), 2% yellow
beewax (Prolabo). Mix both components and melt at 60°C.

4. Two baths (A and B) of xylene in slide containers (see Note 4).
5. Mounting solution. Mix 6 g of glycerol, 2.4 g of Mowiol (Calbiochem), and 6 mL

of distilled water for 2 h at RT, then add 12 mL 0.2 M Tris-HCl, pH 8.5, and
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incubate under shaking for 30 min at 50°C. Centrifuge for 15 min at 5000g to
precipitate small aggregates and particles, aliquot the supernatant, and store at –20°C.
This mounting solution is stable for months.

2.2. Radioactive In Situ Hybridization on Tissue Sections

2.2.1. Tissue Processing

To prevent RNase contamination, see Note 1.

1. DEPC/ethanol: 0.1% diethylpyrocarbonate (DEPC) in 96% ethanol. DEPC-con-
taining solutions should be prepared just before use (see Note 2).

2. AAS: 2% aminoalkylsilane (3-aminopropyltriethoxysilane from Sigma or 3-trieth-
oxysilylpropylamine from Merck) in acetone (dry, 99.5% pure). AAS should be
stored at 4°C in a tightly closed vial containing anhydrous calcium sulphate or
another drying agent. Let the container warm to RT before opening.

3. PBS (10× stock solution): 1.5 M NaCl, 0.1 M Na-phosphate, pH 7.4, in auto-
claved bidistilled water.

4. 4% Formaldehyde fixative: dissolve 4% paraformaldehyde in sterile PBS at
60–70°C while stirring; add a few drops of 1 N NaGH; dissolution takes about 1.5 h;
cool to RT and check the pH before use. See Note 3 for formaldehyde handling.

5. Ethanol solutions (96%) in autoclaved bidistilled water.
6. Embedding medium: Paraplast plus (Sherwood Medical, St. Louis, MO, USA).

2.2.2. Probe Labeling

1. 100 mM dithiothreitol (DTT) in autoclaved bidistilled water; store in small
aliquots at –20°C.

2. RNA Polymerase: T3, T7, and SP6 polymerase (see Note 5).
3. RNA Polymerase buffer: Supplied with the RNA polymerase.
4. RNasin (Promega): RNase inhibitor.
5. Ribonucleotides (HT BioTechnology, Cambridge, UK): A, C, G-trisphosphate

(for single-label transcription assays) and A, G-trisphosphate (for double-label
transcription assays) are mixed from commercial solutions with a neutral pH and
diluted in bidistilled water.

6. [35S]CTP, [35S]UTP (1000 Ci/mmol) (Amersham).
7. Alkaline hydrolysis mix (2× stock solution): 80 mM NaHCO3, 120 mM Na2CO3,

pH 10.2; in autoclaved bidistilled water. Store in aliquots at –20°C and discard
after use.

8. TE (100× stock solution): 1 M Tris-HCl, pH 8.0, 0.1 M EDTA; in autoclaved
bidistilled water.

9. 10 mg/mL tRNA: Dissolve commercially available yeast total RNA at a concentra-
tion of 10 mg/mL in TE (1×), 0.1 M NaCl. Extract twice with phenol (TE-saturated)
and twice with chloroform. Precipitate with 2.5 volumes ethanol at RT. Centri-
fuge at 5000 g for 15 min at 4°C. Redissolve in TE, measure the concentration
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spectrophotometrically (an OD at 260 nm of 1 corresponds to 40 µg of RNA) and
store at a concentration of 10 mg/mL at –20°C in small aliquots.

10. 3 M Sodium acetate, pH 5.2, in autoclaved bidistilled water.

2.2.3. Pretreatment of Paraffin Sections

1. SSC (20× stock solution): 3 M NaCl, 0.3 M Na-citrate, pH 7.2, in DEPC-treated
water.

2. 2 N HCl: Add 20 mL of 36% HCl (12 N) to 100 mL of bidistilled water.
3. Pepsin (800–2500 U/mg, Sigma): 10% stock solution (w/v) in bidistilled water,

predigest for 2 h at 37°C.
4. Pepsin (0.1% working solution in 0.01 N HCl): add 0.5 mL of 2 N HCl to 100 mL

of bidistilled water; warm it to 37°C and add 1 mL of pepsin stock solution approx
15 min before use. The capacity of this solution is approx 40 slides with sections
when used within 3 h after preparation.

5. Glycine: 10% (w/v) stock solution in PBS.
6. 10 mM DTT in autoclaved bidistilled water. Store at –20°C and keep on ice dur-

ing use. The solution can be safely frozen and thawed five times.

2.2.4. Hybridization Solutions

1. SSC: 20X stock solution (see Subheading 2.2.3.).
2. 50% (w/v) Dextran sulfate in 10X SSC: Add approx 3 mL of bidistilled water to

10 mL of 20X SSC and slowly dissolve 10 g of Dextran sulfate by stirring and
heating (60°C). Add Dextran in steps and wait until it is dissolved before adding
new powder. Adjust final volume to 20 mL and autoclave for only 20 min.

3. Deionized formamide: Add 5 g of Biorad AG 501-X8 mixed-bed resin (20–50
mesh) to 100 mL of formamide; stir for 1 h. Filter through a Whatman no. 1 filter
and store in batches at –20°C.

4. 50X Denhardt’s solution: 1% (v/v) Ficoll 400, 1% (v/v) polyvinylpyrrolidone,
1% bovine serum albumin (fraction V) in bidistilled water. Sterilize by filtration
and store in batches at –20°C.

5. 10% (v/v) Triton X-100: dilute Triton X-100 in sterile bidistilled water and store
at 4°C.

6. 1.25× hybridization mixture: 5 mL of deionized formamide; 2 mL of 50% dext-
ran sulfate 10X SSC; 0.4 mL of 50X in Denhardt’s solution; 0.1 mL of 10%
Triton X-100; 0.5 mL of bidistilled water (sterile); store in batches at 4°C.

7. DTT: make a 1 M stock solution in autoclaved bidistilled water and store in small
batches at –20°C.

8. Salmon sperm DNA: Make a 10 mg/mL solution in bidistilled water by stirring
it overnight at 4°C. Adjust the NaCl concentration to 0.1 M. Extract the solu-
tion once with phenol and once with phenol–chloroform (1:1, v/v) (26). Recover
the aqueous phase and shear the DNA by passing it 12 times rapidly through a
17-gauge hypodermic needle. Precipitate the DNA by adding two volumes of
ice-cold ethanol. Centrifuge, dry the pellet, and dissolve the pellet in bidistilled
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water, measure the OD260, and adjust the concentration to 10 mg/mL (an OD260
of 1 corresponds to 50 µg of DNA). Boil for 10 min and chill on ice. Store in
batches at –20°C.

9. 50% formamide 1X SSC. If the formamide used to prepare this solution is not
deionized, check the pH, which should be neutral.

10. 5× RNase buffer: 50 mM Tris-HCl, pH 8.0, 25 mM EDTA, 2.5 M NaCl in auto-
claved bidistilled water.

11. RNase A solution (10 mg/mL). To make RNase that is free of DNAse, dissolve
RNase at a concentration of 10 mg/mL in 10 mM Tris-HCl, pH 7.5, 15 mM NaCl
and heat it for 15 min at 100°C. Cool slowly to RT. Dispense into aliquots and
store at –20°C.

2.2.5. Probe Detection

1. Photographic emulsion: Ilford Nuclear Research Emulsion G-5 (see Note 6).
2. Glycerol–water: Add 1.2 mL of glycerol to 59 mL of bidistilled water. Filter

through a 0.22 µm filter and store at 4°C.
3. 10% Potassium bromide (KBr) in autoclaved bidistilled water.
4. Amidol-developer: Prepare a fresh solution just before developing. Dissolve 1.13 g

of Amidol (4-hydroxy 1,3-phenylene diammonium dichloride) (Fluka) in 200 mL
bidistilled water, add 4.5 g of Na2SO3 and bring it to a final volume of 250 mL with
bidistilled water. Filter the solution through a regular filter paper (e.g., Whatman
no. 1) and add 2 mL of 10% KBr.

5. Fixative: 30% (w/v) Na2S2O3 · 5H2O in bidistilled water.
6. Nuclear-Fast Red (stock solution): 0.1% Nuclear fast-red (Kernechtrot) and 5%

aluminum sulfate; dissolve in bidistilled water and filter. Prepare 250-mL bottles
and store at 4°C.

7. Nuclear-Fast Red (working solution): Dilute the stock solution 1:5 with bidistilled
water. This solution can be used for several weeks.

8. Stainless steel cuvettes (105 × 60 × 40 mm), lids (7 mm high), and slide holders
(12 slides) were made in our workshop (see Fig. 1).

9. Malinol mounting medium (cat. no. 2C-242) from Chroma Gesellschaft, Germany.

2.3. Apparatus

1. For RNA probe analysis: Minigel electrophoresis apparatus (Mupid-2, Eurogentec
SA) or equivalent, spectrophotometer (Perkin Elmer).

2. Dissection material: Sterilized scissors (heavy model, 14 cm long, two sharp
blades; Barraquer Wolff, sharp and delicate blades, 5 mm long) and tweezers of
different sizes (Moria, 12.5 cm long, serrated jaws; Moria no. 5 straight extra
delicate; Dumont-Moria, straight, tips closing flat on 4 mm), sterile Petri-dishes
(35 × 10 mm, Falcon), a binocular (MZ6, Leica-Wild) equipped with optic fibers
(Intralux 4000–1, Volpi).

3. Standard benchtop centrifuges and microfuges.
4. Standard heating and shaking water bath incubators.
5. Screw-capped glass containers (2 mL; 12 × 35.5 mm, Polylabo).
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6. 14 mL Disposable round-bottom plasticware (Falcon).
7. Multiwell Tissue flat-bottom culture plates (Falcon) (ranging from 6–24 wells

and used according to the size of the treated embryos).
8. Precleaned SuperFrost microscope slides.
9. Watch glass (Polylabo) for embedding embryos in wax.

10. Slide containers (Polylabo) for the unwaxing procedure.
11. Observations and photographs of stained embryos: A binocular (M420, Leica-

Wild) equipped with optic fibers (Intralux 6000-1, Volpi) and a photoautomate
(MPS 48, Leica-Wild).

12. For sectioning of stained embryos and examination of sections: A mechanical
microtome, a slide-warming plate, a microscope (Axiophot, Zeiss) equipped with
Nomarski optics, and a photoautomate (Zeiss).

13. Examination of sections requires a microscope equipped with dark-field illumi-
nation and a conventional or digital camera.

14. A cooled microfuge, equipped with a swingout rotor to centrifuge the labeled
probes and prevent spillage of radioactivity.

15. A temperature-controlled stove for the hybridization of the sections. Humidity is
maintained by keeping sections in plastic boxes containing wet paper towels.

Fig. 1. Homemade equipment used for in situ hybridization. Left panel: Device to
dry AAS-coated slides. Note the fan in rear and the position of the slide holder. Right
upper panel: Box (left) and slide holder (right) used for washing. Right lower panel:
Detail of locking device for the box, which facilitates autoclaving.
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16. Darkroom equipment. Entry to the darkroom is via a light trap to prevent inad-
vertent access of light. Illumination is provided by a light-proof armature, fitted
with an Ilford S 902 filter, and a 15 W lamp. Water baths that are kept at 42°C
and at 18°C (cooled), are present to handle the photographic emulsion. Further-
more, a spark-free refrigerator is needed for exposure of sections. The sections
themselves are kept in black, hard-plastic slide holders, inside light-tight boxes.

17. A microscope (Axiophot, Zeiss), equipped with a cooled CCD camera (Photometrics
series 200 with CAF 1400 chip, Roper Scientific, Bogart, Georgia, USA) (31). Image
analysis is performed with the NIH Image package (http://rsb.info.hih.gov/nih-image/)
or, more recently, the Optimas package (Media Cybernetics, Silver Spring, MD, USA).

3. Methods

3.1. Whole-Mount In Situ Hybridization (see Fig. 2)

To be efficient and reliable, the in situ hybridization technique has to com-
ply with certain key requirements, such as: (1) keep the loss of RNA as low as
possible; (2) maintain the embryo morphology as close as possible to the native
structure; (3) use efficient probes that have high penetration and hybridization
capacities, and (4) design specific controls (see Notes 7 and 35).

Fig. 2. Section in ED10 mouse embryo hybridized in whole-mount with antisense
Cx40 probe. Note that both left and right atrial walls express Cx40 transcript; whereas
in the ventricles only the left wall shows accumulation of the transcript.
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3.1.1. Riboprobe Synthesis

We have chosen to work with riboprobes (cRNA) instead of DNA probes,
because: (1) they can be synthesized with high efficiency and (2) they form, by
hybridization with endogenous transcripts, RNA-RNA hybrids that are more
stable than DNA-RNA hybrids (25). The hybridization process can thus be
performed at high stringency, and, in addition, the unbound and nonspecifically
bound riboprobe can be digested by RNase without affecting the RNA-RNA
hybrids. The DNA fragment selected for the synthesis of the riboprobe (see
Note 8) is cloned into a commercial plasmid vector designed for directional
probe synthesis. In the vector, the insert of interest is flanked by different RNA
polymerase initiation sites (T3, T7, SP6) (see Note 5).

3.1.1.1. PURIFICATION OF THE LINEARIZED PLASMID DNA

The plasmid containing the DNA insert should be linearized to enable the
production of “runoff” transcripts derived from the insert sequence only (see
Note 9).

1. Linearize 10 µg of the plasmid DNA with a restriction nuclease chosen according
to the RNA polymerase promoter to be used so that, depending on the orientation
of the insert, an antisense or a sense riboprobe will be synthesized.

2. Adjust the reaction volume to 400 µL and purify the linearized plasmid with 1 vol
of phenol–chloroform (1:1, v/v) extraction, followed by a second extraction with
1 vol of chloroform (26). At each purification step the mixture is shaken, centri-
fuged (high speed for 1 min) and the upper aqueous layer is collected into a new
RNase-free 1.5-mL Eppendorf tube.

3. Precipitate the plasmid DNA from the aqueous phase by adding 100 µL of a 3 M
sodium acetate solution plus 1 mL of ice-cold 100% ethanol and incubating that
mixture at –70°C for 30 min.

4. Centrifuge for 30 min at 12,000g to pellet the DNA and discard the supernatant.
5. Wash the pellet with 100 µL of ice-cold 70% ethanol in DEPC-treated water,

centrifuge for 5 min at high speed, and air-dry.
6. Dissolve the pelletted DNA into 40 µL of DEPC-treated distilled water.

3.1.1.2. SYNTHESIS OF THE NTP-DIG RIBOPROBE

Riboprobes are synthesized as “runoff transcripts” and a non-isotopic hapten,
DIG, is incorporated in the probe during its synthesis (see Note 10).

1. Set up the transcription reaction by adding 1 µg of the linearized plasmid (4 µL of
the previous plasmid DNA sample), 2 µL of 10× transcription buffer, 2 µL of
10× solution NTP-DIG, 1 µL (20 U) RNase inhibitor, 2 µL (40 U) RNA poly-
merase (T3, T7 or SP6) and make up to 20 µL final volume with DEPC-treated
water.
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2. Vortex-mix and centrifuge.
3. Incubate for 2 h at 37°C.
4. Digest the DNA template with 2 µL (20 U) of DNase I (RNase-free) for 15 min at

37°C. This DNase treatment is optional.
5. Adjust the reaction volume to 50 µL with DEPC-treated water.
6. Add 50 µL TBS, 12 µL of 6 M ammonium acetate solution, 220 µL of ice-cold

100% ethanol and precipitate the riboprobe for 30 min at –70°C.
7. Centrifuge for 30 min at 12,000g and 4°C; wash the pellet with 100 µL of ice-cold

70% ethanol.
8. Carefully remove the supernatant and let the pellet air-dry.
9. Recover the riboprobe in 100 µL of DEPC-treated water. It is stable for several

months at –20°C.
10. Estimate the synthesis yield (variable from one template to another and depend-

ing on the size of the template) by measuring the optical density (OD260) of the
synthesized probe (An OD260 of 1 corresponds to 40 µg of single-stranded RNA),
then analyze an aliquot by agarose gel electrophoresis. Wash the electrophoresis
apparatus and run the riboprobe quickly to avoid RNase digestion. A combina-
tion of both procedures enables estimation of the amount of available probe and
determination of its size.

3.1.2. Dissection and Fixation of the Embryos

To investigate expression of Cx genes in the embryonic cardiovascular system
we commonly use embryos ranging from E7 to E12.5. Beyond E12.5, the
embryos are relatively large, most of the tissues are compact (especially the out-
ermost layers of the ventricles), and the penetration of the reagents is restricted.

1. Timed pregnant mice are sacrificed, the abdominal cavity is opened, and the
uterus is cut with another pair of clean scissors (27). The uterus is dissected under
a binocular in a Petri dish filled up with PBS. Remember to keep all dissection
material as close as possible to RNase-free conditions.

2. With small scissors remove the muscular wall of the uterus, put embryos in fresh
PBS solution, and, if required, dissect and remove the extraembryonic membranes
with tweezers. To avoid that dust sticks to embryos or contaminates the samples,
each dissection is performed in a different Petri dish with new buffer. Young
embryos are transferred from one dish to the other by smooth pipetting with a
fire-polished Pasteur pipet with a cut end. When embryos are older than E9 we
take care to puncture the heart and brain ventricles so that the riboprobe or the
anti-DIG antibodies will not be trapped in the hollow parts of the organs.

3. Dissected embryos are fixed in fixation solution A at 4°C for 45 min (for 8-d
embryos) to overnight (for 9.5-d embryos onwards) (see Note 11). From this
point the experiments are carried out either in 2-mL screw-capped containers or
in 14-mL disposable plasticware according to the size of the embryos.

4. Eliminate fixation solution A by two quick washes in PBT (3 min each at 4°C).
5. Dehydrate the embryos by passing them sequentially through a graded series of etha-

nol solutions: 25%, 50%, and 75% ethanol in PBT, 100% ethanol (for 5 min each)
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(see Note 12). Dehydration and rehydration (see Subheading 3.1.3.) of the embryos
should not be skipped because they play a role in the fixation procedure.

6. Embryos can be stored for several months at –20°C in fresh 100% ethanol.

3.1.3. Prehybridization and Hybridization (Day 1)

To obtain reliable results it is recommended to use at least five embryos for
each developmental stage investigated and for each probe.

1. Bleach the embryos for 1 h at RT with 100% ethanol–30% H2O2 (5:1, v/v). This
treatment also inactivates the endogenous phosphatases.

2. Rehydrate through a decreasing series of ethanol solutions in PBT (75%, 50%,
25% for 5 min each), followed by three washes in PBT.

3. Permeabilize with 10 µg/mL of proteinase K (PK) in PBT for 15 min at RT (see
Note 13).

4. Incubate twice 5 min with 0.2% glycine solution (to prevent overdigestion with
PK), then twice for 5 min in PBT.

5. Incubate for 20 min at RT with fixation solution B to stabilize the morphology
of tissues.

6. Wash twice 5 min at RT with PBT before prehybridization.
7. Prehybridize the embryos with hybridization buffer (in the absence of the probe)

for at least 1 h, with gentle shaking in a water bath maintained at 70°C. The
prehybridization procedure helps to reduce the background by saturating nonspe-
cific hybridization sites (see Note 14).

8. Hybridize with fresh hybridization buffer containing a final concentration of labeled
probe ranging from 0.5 to 1 µg/mL. The incubation is carried out overnight at 70°C
in identical conditions as for prehybridization. Hybridization kinetics is tightly cor-
related with the time of penetration of the probe. The hybridization time may be
modulated according to the length of the probe.

9. Prepare the washing solutions needed for the next day (washing solutions 1 and 3)
and prewarm them at 70°C. This will save you a lot of time but wait until the last
minute on d 2 before adding RNase to washing solution 2.

3.1.4. Incubation with the Anti-DIG Antibodies (Day 2)

3.1.4.1. POST-HYBRIDIZATION WASHES

Aspirate the hybridization buffer and start the washes.

1. 2 × 30 min at 70°C in washing solution 1.
2. 1 × 10 min at 70°C in a mix of washing solution 1/washing solution 2 (1:1, v/v).
3. 3 × 5 min at RT in washing solution 2.
4. 2 × 30 min at 37°C in washing solution 2 supplemented with 100 µg/mL of RNase A.
5. 1 × 5 min at RT in washing solution 2.
6. 1 × 5 min at RT in washing solution 3.
7. 2 × 30 min at 70°C in washing solution 3.
8. 3 × 5 min at RT in TBST.
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Washing solutions 1–3 help to reduce the background, not only by washing
off the unbound probe but also by destroying the weakly and non-specifically
bound probe with the RNase treatment (step 4). While the washing procedure
is going on, heat inactivate the normal sheep serum and pre-adsorb the anti-
DIG antibodies with the embryo powder.

3.1.4.2. HEAT-INACTIVATION OF NORMAL SHEEP SERUM

1. Make 10% normal sheep serum in TBST just before use (see Note 15).
2. Incubate 30 min at 70°C.
3. Keep at RT until use.

3.1.4.3. PREADSORPTION OF SHEEP ANTI-DIG FABS WITH MOUSE EMBRYO POWDER

This procedure helps to reduce the background due to non-specific recogni-
tion of the antibodies.

1. Homogenize 1 mg of embryo powder (see Subheading 2.1.4.) in TBST ( 1.5 mL)
and incubate for 30 min at 70°C.

2. Centrifuge at high speed for 10 s and remove the supernatant.
3. Add to the pellet: 2.7 mL of TBST, 300 µL of freshly inactivated 10% normal

sheep serum (final dilution: 1%), and 3 µL of anti-DIG antibodies (final dilution:
1:1000).

4. Shake for at least 4 h at 4°C, then centrifuge at high speed for 20 s.
5. Collect the supernatant and add 2.7 mL of TBST and 300 µL of inactivated

10% normal sheep serum. The final concentration of anti-DIG antibodies is
1:2000. The total volume of anti-DIG antibodies (diluted to 1:2000) to be
prepared depends on the number of embryos treated in one experiment. The
volume above can be increased by adjusting the volume used in step 3.

3.1.4.4. INCUBATION OF THE EMBRYOS WITH ANTI-DIG ANTIBODIES

1. Pretreat the embryos with inactivated 10% normal sheep serum for at least 60 min
at RT with gentle shaking.

2. Incubate the embryos with TBST containing 1:2000 diluted anti-DIG antibodies
(see step 5 in Subheading 3.1.4.3.), overnight at 4°C, with continuous soft shaking.

3.1.5. Probe Immunodetection (Days 3 and 4)

3.1.5.1. POST-ANTIBODIES WASHES (DAY 3)

The number of washes, the volume of fresh buffer, and the time of incuba-
tion increase the sensitivity of the final reaction by decreasing the nonspecific
background (see Note 16).

1. Wash 3 × 5 min with TBST.
2. Wash 4 × 1 h with the same buffer.
3. Wash overnight or more with TBST. Two to three days of washing are recom-
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mended for embryos older than E9 but the length of this step also depends on the
riboprobe used. Check the pH of TBST (7.5) before this step and never wash with
reaction buffer, as an alkaline pH will destroy in long washes the activity of the
enzyme conjugated to the antibodies.

3.1.5.2. PROBE IMMUNODETECTION (DAY 4)

1. The embryos are transferred to the multiwell plates for easier observation.
2. Preincubate the embryos for 20 min at RT with freshly prepared reaction buffer,

pH 9.5, to ensure that ionic concentrations are optimal for the alkaline phos-
phatase reaction.

3. Replace the reaction buffer with the staining solution. Staining reaction is carried
out in the dark in the presence of both substrates, NBT and BCIP, which develop
a purple color. Depending on the probe and the abundance of transcript the reac-
tion can last from 30 min to several hours and must be closely monitored to stop
the enzymatic reaction before background signals appear (see Note 17).

4. Stop the reaction with TBST buffer and renew it frequently while keeping the
embryos at 4°C.

3.1.5.3. CONSERVATION OF THE EMBRYOS

1. Dehydrate the embryos in a graded series of ethanol solutions in TBST (25%,
50%, and 75%) and in 100% ethanol (5 min for each step at RT). This treatment
intensifies the pink-purple reaction product to dark blue.

2. Rehydrate the embryos by passing them through the same solutions inverting the
order, from 100% ethanol to TBST (5 min for each step at RT).

3. Clear the embryos in a glycerol-PBT solution 1:1 (v/v) for 1 h at RT.
4. Transfer to fresh glycerol-PBT solution 4:1 (v/v) supplemented with 0.02%

NaN3. Embryos can be stored for months at 4°C.
5. Analyze the embryos, including the control embryos, and photograph them

(see Note 18).

3.1.6. Wax-Embedding and Sectioning of the Stained Embryos

Precise identification of labeled tissues and cells requires serial sectioning
of the embryos and examination of sections. The detection of a significant sig-
nal in sections necessitates that the embryos have developed a strong signal
because part of the signal is lost during the unwaxing procedure with xylene.
The procedure in the following section describes embedding in embedding wax,
but, alternatively, pure paraffin can also be used (see Subheading 3.2.1.2.).

3.1.6.1. EMBEDDING PROCEDURE

One day before use embedding wax is melted in an incubator at 60°C. Do
not overheat.

1. Wash the embryos 3 × 5 min, with PBS at RT.
2. Incubate for 1 h with PBS, then for 1 h with 0.15 M NaCl at RT.
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3. Incubate successively in 50% isopropanol in PBS (at least 2 h), 75% isopropanol
(at least 3 h), 90% isopropanol (at least 6 h), and twice in 100% isopropanol (at
least 6 h × 2).

4. Impregnate the embryos overnight at 60°C with isopropanol/embedding wax 1:1
(v/v), for 6 h with embedding wax, then overnight again with fresh embedding wax.

5. Pour melted embedding wax in molds, then transfer the embryos. Carefully posi-
tion the embryos using a cut-end Pasteur pipet or tweezers heated in a Bunsen
flame. Hot tools are used to keep the wax melted while positioning the embryos
under the binocular.

6. Leave to solidify at RT and store until use.
7. Make sections 8–12 µm thick.
8. Lay the sections on a bed of warm water spread on a microscope slide and keep

warm on a hot plate until the sections are dried (usually overnight).

3.1.6.2. UNWAXING PROCEDURE

1. Incubate the slides twice in xylene: 10 min in xylene bath A and 10 min in bath B.
2. Rehydrate the slides through a decreasing series of ethanol solutions in distilled

water (100%, 90%, 80%, 70%, 40%, 2 min each) followed by two washes in
distilled water. Leave to air-dry.

3. Mount the slides with a coverslip by using two to three drops of mounting solu-
tion while taking care to avoid air bubbles.

4. Leave the Mounting to air-dry before observation.
5. Observations are made with Nomarski optics.

3.2. Radioactive In Situ Hybridization on Tissue Sections (see Fig. 3)

3.2.1. Tissue Processing (see Note 19)

Embryos are dissected as described in Subheading 3.1.2. Small samples
(e.g., rat or mouse embryos up to E9) are fixed in 4% formaldehyde for 4 h at
4°C with agitation. Older embryos are fixed overnight at 4°C, but not exceed-
ing 16 h (see Note 20). From E18, embryos are decapitated and the skin is
removed before fixation.

3.2.1.1. PREPARATION OF AS-COATED SLIDES (see Note 21)

1. Put the slides in plastic racks; soak overnight in 1% NaOH (discard after 1 mo);
rinse for 15 min in running warm tap water; rinse in demineralized water; soak
for 1 h in 2% HCl; rinse for 15 min in running warm tap water; rinse in deminer-
alized water. From here on wear gloves.

2. Place the racks in plastic boxes, filled with DEPC-ethanol for 2 min; repeat this
step once. The racks with slides are now RNase free.

3. Put the racks on an RNase-free surface and dry them in a stream of air for
approx 1 h. This is generated by a fan, which is placed on one end of a home-
made box in which 8 racks are positioned in such a way that slides are parallel
to the stream of air (Fig. 1). Alternatively, we also use an ordinary fan and
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cutoff chemical containers (e.g., those that contain a kg of NaCl), just to guide
the stream of air.

4. Place the racks for 30 s in 2% AAS (250 mL of solution are enough for about
200 slides).

5. Rinse in bidistilled water; move the racks ten times up and down; repeat this step 6×.
6. Place the racks on a RNase-free surface in a stream of air for a few hours or

overnight until all slides are dry.
7. Store the slides in an RNase-free box at RT.

3.2.1.2. PARAFFIN EMBEDDING, MOUNTING AND SECTIONING

1. After fixation the tissue is passed through an approx 50-fold volume of a graded
series of ethanol solutions (70%, 80%, 90%, 96%, and 100%) with gentle agita-
tion, for about 2 h each, followed by an overnight ethanol exchange in 1-butanol.
Use closed containers and handle in fume hood because of explosion hazard.

2. Impregnate the tissue with paraffin at 60°C, 3× for 2 h, the last 2 h under vacuum,
if necessary.

3. Pour melted paraffin in a mold and carefully position the tissue.
4. Solidify at RT and store until use. Paraplast-embedded tissue blocks can be stored

at RT for several years.
5. Cut 7-µm sections and humidify with bidistilled water if necessary. RNase-free

conditions are not necessary during sectioning.
6. Collect the sections on a tray. The sections can be stored at RT for a few weeks before

they are mounted onto the slides. Mounting of the sections is done under RNase-free
conditions. Wipe the warm plates with an RNase surface decontaminant.

Fig. 3. Adjacent sections in ED16 rat embryo hybridized with radioactive Cx40 and
Cx43 antisense probes. Note differences in staining intensity between heart compartments.
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7. Stretch the sections by laying them on sterile bidistilled water on AAS-coated
slides placed on a warm plate at 45–50°C; draw off as much of the water as
possible by suction, ensuring that no air bubbles are present underneath the tissue
and keep the slides at 30°C for a few hours.

8. Dry overnight at 37°C and store the slides.

3.2.2. Probe Labeling

The rationale for working with riboprobes (cRNA), instead of DNA probes,
has been discussed in Subheading 3.1.1. The protocols for template lineariza-
tion and purification have been detailed in Subheading 3.1.1.1.

3.2.2.1. PREPARATION OF 35S-CALIBRATION SLIDES

1. 35S-Calibration solution: dissolve at 50°C 5% high gel-strength gelatin (Fluka)
in 10 mM Tris-HCl, pH 7.8, containing various amounts (87, 375, 750 and
1500 cpm/pg) of 35S-radioactivity. We use [35S]dCTP labeled random-primed
cDNA because of its stability.

2. Draw two rows of five circles (7-mm diameter) on the back side of AAS-coated
microscope slides.

3. Apply evenly over each circle with a positive displacement pipet, for example.
Gilson M25, a 4-µL drop of 35S-calibration solution containing varying amounts
of radioactivity (typically 10 spots containing 1000–10,000 cpm) and place the
slide immediately on an ice cooled plate for 1 min maximum. Longer cooling
results in cracks along the outside of the spots. Repeat the procedure for the prepa-
ration of the next calibration slide.

4. Dry the slides in a stream of air for about 30 min and let the spots further fix over-
night at 50°C. In theory, one slide/exposure time/development session should suf-
fice, but for superior accuracy two or three calibration slides are recommended.

5. Take 3 × 4 µL-samples for liquid scintillation counting to determine the amount
of radioactivity applied on a spot.

6. Fix the drops by immersing the slide in 4% formaldehyde fixative supplemented
with 1% glutaraldehyde (4 mL per slide), to prevent swelling of the spots later in
the procedure. Glutaraldehyde solution is made from a 25% stock solution
(Fluka).

7. Take a 0.5-mL sample of the fixative of each slide for liquid scintillation count-
ing to determine the loss of 35S in the fixation procedure.

8. Dehydrate in 96% ethanol for 10 min (use 4 mL per slide), repeat once, and dry in
a stream of air.

9. Process the slides for autoradiography (see Subheading 3.2.5.).

3.2.2.2. IN VITRO TRANSCRIPTION

The buffer used for in vitro transcription is dependent on the source of RNA
polymerase and is provided by the manufacturer of the RNA polymerase. The
composition of the final transcription assay is indicated in Table 1. Incubation
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is for 2 h at 37°C, or for 4 h at 30°C for templates longer than 1500 bp to
produce more full length transcripts. Template is removed by the addition of
1 µL of DNase I (RNase-free) at 1 U/µL and incubation for 15 min at 37°C.
Ninety microliters of bidistilled water is added and the reaction is put on ice.
One microliter is collected to determine by electrophoresis the length of the
transcripts (see Note 22).

3.2.2.3. PROBE HYDROLYSIS

One volume of alkaline hydrolysis mix (2× stock solution) is added to the
assay and the RNA is hydrolyzed at 60°C for about 12 min (for a 300 bp probe),
15 min (for a 500 bp probe), 16 min (for a 800 bp probe), 17 min (for a 1500 bp
probe), and 18 min (for a 5000 bp probe) (see Note 23).

3.2.2.4. PROBE PURIFICATION

1. One microliter of tRNA (10 mg/mL) is added to the hydrolyzed RNA, then the solu-
tion is vortex-mixed, mixed with 100 µL of phenol (TE saturated), then centrifuged.

2. The (upper) aqueous phase is collected and mixed with 100 µL of chloroform.
This solution is centrifuged and the aqueous phase is collected. Two microliters
of this phase are counted in a liquid scintillation counter to assess the 35S input
value.

3. Add 20 µL of 3 M sodium acetate, pH 5.2, and 440 µL of 100% ethanol (RT) to
the aqueous phase, keep overnight at –20°C and then centrifuge for 30 min at 5°C
(swinging rotor).

Table 1
RNA Transcription Assay

Addition Single label Double label Final concentration

Linearized DNA template 0.25 µL 0.25 µL 25 ng/µL
~1 µg/mL

T3/T7 or SP6 buffer (5×) 2 µL 2 µL
100 mM DTT 1 µL 1 µL 10 mM
RNAsin 40 U/µL 0.25 µL 0.25 µL 1 U/µL
5 mM A, C, G-Trisphosphate 1 µL — 500 µM
5 mM A, G-trisphosphate — 1 µL 500 µM
1000 Ci/mmol of [35S]UTP — 5 µL (freeze-dried)a 5 µM
1000 Ci/mmol of [35S]CTP 5 µL 5 µL 5 µM
50 U/µL RNA polymerase 0.5 µL 0.5 µL 2.5U/µL
Total volume 10 µL 10 µL

aThe limitations of the final volume may necessitate drying of the label. Label can be dried in
a Speedvac within 30 min. The dried label can be stored at –20°C overnight before use. When the
probes are used for only one or a limited number of in situ hybridization experiments, the assay
can be performed with half the volumes.
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4. Discard the supernatant. Dissolve the pellet in 500 µL of 70% ethanol (RT), keep
for 10 min at –20°C, and centrifuge for 10 min. Carefully remove the supernatant,
dry the pellet in a Speedvac centrifuge for 10 min, then dissolve in TE (containing
10 mM DTT) to a final concentration of 106 cpm/µL. One microliter of this solution
is used to estimate the incorporation of radioactivity. Store the probe at –20°C.

3.2.3. Pretreatment of Paraffin Sections

1. Slides are rinsed 3× in xylene for 5 min (see Note 4), in xylene–ethanol (1:1, v/v)
for 5 min, and twice in 100% ethanol for 3 min and dried for at least 30 min in a
stream of air. The pretreatments are carried out in 150 mL stainless steel vessels
that can hold one slide tray for 12 slides (Fig. 1).

2. Incubate the slides in 2X SSC at 70°C for 10 min and wash with bidistilled water
for 5 min. Although the action of this step is unknown, it is essential. After this
step the sections are swollen, which may increase the accessibility of the sections
for protease and the target RNA for the labeled riboprobe.

3. Pepsin treatment. The time of digestion must be determined empirically for each
specific tissue. Each new batch of Pepsin should be tested on a known combina-
tion of tissue(s) and probe(s): 0.1% Pepsin dissolved in 0.01 N HCl is used. The
incubation temperature is 37°C. When different incubation times are used during
one experiment the slides can be left in the bidistilled water wash solution that is
used between the SSC step at 70°C and the Pepsin treatment, so that all the slides
come together in the glycine stop solution. Typical incubation times are: 20 min
for adult and neonatal rat liver and heart; 15 min for E20 rat embryos; 10 min for
E16–E18; 5 min for E13–E14; 3 min for E11; and 2 min for E12–E11. The pro-
tease reaction is stopped with 0.2% glycine in PBS for 30 s followed by two
washes with bidistilled water for 30 s and 5 min, respectively.

4. Incubate in 10 mM DTT for 5 min and dry the slides as quickly as possible to
prevent oxidation (see Note 24). Hybridize the sections the same day.

3.2.4. Hybridization

3.2.4.1. PREPARATION OF THE HYBRIDIZATION MIX

The composition of 1× hybridization mix (see Note 25) is: 50% formamide,
10% Dextran sulfate, 2X SSC, 2X Denhardt’s, 0.1% Triton X-100, 50 mM DTT,
200 ng/µL of salmon sperm DNA. Warm the 1.25× hybridization mixture (see
Subsection 2.2.4.) to RT. For 100 µL of hybridization mix, pipet carefully
80 µL 1.25× hybridization mix (the solution is very viscous). Put the solution
on ice. Add 5 µL of 1 M DTT (see Note 26). Add 2 µL of denatured salmon
sperm DNA (10 mg/mL), preheated for 5 min at 100°C and quenched on ice
just before use. Keep the solution (which can be used for 2 h) on ice. Add
bidistilled water to the probe to a final volume of 13 µL. Heat the riboprobes
for 3 min at 80°C and quench on ice. Add the denatured probe (see Note 27) to
the hybridization solution and keep on ice until use.
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3.2.4.2. HYBRIDIZATION

1. Pipet about 6 µL of hybridization mix onto each section of approx 5 × 5 mm.
Larger sections may require more mix. No coverslips are needed (see Note 28).

2. Put the slides in a tightly closed box containing paper towels soaked in 50%
formamide–1X SSC to prevent evaporation of the hybridization mix.

3. Incubate overnight (see Note 29) at 54°C (see Note 30).

3.2.4.3. POST-HYBRIDIZATION WASHES

1. Discard paper towels.
2. Wash slides with a few milliliters of 1X SSC, to remove the bulk of the hybridization

mix, then by gently shaking in 250 mL (sufficient for 25 slides) of 50% formamide in
1X SSC (2 × 15 min at 54°C), and finally in 250 mL of 1X SSC (1 × 10 min at RT).

3. Repeat wash with 1X SSC, then wash with RNase buffer supplemented with
10 µg of RNase/mL for 30 min at RT.

4. Wash with 1X SSC, and again with 1X SSC for 10 min at RT and then with 0.1X
SSC for 10 min at RT.

5. Dehydrate by incubating slides sequentially (3 min each) in 50%, 70%, and 96%
ethanol containing 0.3 M ammonium acetate.

6. Dry slides in an air stream for at least 1 h and make sure that there are no droplets
left on the slides before applying the emulsion.

3.2.5. Probe Detection

The radioactive hybrids are detected by their ability to form a latent image
in a photographic emulsion that is applied onto the sections (32). The range of
35S allows the localization of a message at the cellular level within one week
and for that very reason is widely used. All work described here is carried out
in a darkroom.

3.2.5.1. PREPARATION OF BATCHES OF PHOTOGRAPHIC EMULSION

1. Melt the batch of emulsion at 42°C (it takes at least 20–25 min) (see Note 31).
Carefully mix the emulsion by turning the container upside down several times
during melting.

2. Aliquot the batch by transferring 5 mL of the melted emulsion to a 20-mL vial
containing 7.5 mL of glycerol–water. Use of an automatic pipet would lead to
considerable retention of emulsion in the tip and dark room illumination is insuf-
ficient to see the divisions on a syringe. To circumvent this type of problem, a
syringe and a block corresponding in size to a 5 mL volume is used. Aspirate the
emulsion into the syringe. Put the block between the syringe and the plunger.
Push the plunger down. Remove the block and push the plunger completely down,
so that 5 mL aliquots are transferred to 20 mL vials.

3. Store batches at 4°C in a light-tight box. Ilford guarantees the emulsion for at
least 2 mo without melting. We did not observe elevated background after half a
year of storage (see Note 32).



22 Théveniau-Ruissy et al.

3.2.5.2. APPLICATION OF THE PHOTOGRAPHIC EMULSION TO THE SLIDES

1. Melt the batch of diluted emulsion for 10 min at 42°C and mix carefully without
trapping air bubbles by turning the container upside down.

2. Pour the emulsion into a custom-made 10 mL stainless steel cuvette (70 × 30 × 5 mm
internal diameter) and keep it at 42°C.

3. Slowly lower a slide into the emulsion and slowly move the slide up and down
twice. A single slide should be lowered slowly into the cuvette to avoid bubbles
and spoiling of emulsion.

4. Hold the slide as horizontally as possible and wipe the back (make sure you have
the correct side).

5. Place the slide horizontally at RT for the time needed to dip the following
slide.

6. Place the slide on a horizontal ice-cooled glass plate for 10 min.
7. Dry the slides horizontally for 60 min at RT.
8. Put the slides in a horizontal position in a light-tight box at 4°C, containing silica

gel as desiccant, and expose them for approx 4–10 d.
9. Immediately after use, pour the remaining emulsion back into a 15 mL glass

scintillation vial and store it at 4°C. These vials are also used to store freshly
prepared emulsion. The emulsion can be used a second time for normal experi-
ments but if the lowest possible background is required a new batch should
be used.

10. Carefully clean the cuvette (any emulsion that remains gets exposed to light and
introduces a lot of background in the following experiment).

3.2.5.3. DEVELOPMENT OF THE AUTORADIOGRAPHIC SIGNAL

1. Bring all solutions to 18°C.
2. Keep the box with slides for at least 30 min at RT.
3. Develop for 4 min (see Note 33) in Amidol-developer with agitation.
4. Stop for 1 min in bidistilled water and fix for 10 min in Fixer with agitation.
5. Wash for at least 60 min (the first 30 min in the dark) in running tap water at

about 20°C (check temperature frequently).

3.2.5.4. COUNTERSTAINING (see Note 34)

1. Slides are washed for 5 min in bidistilled water and then incubated for 1.5 min in
1:5 Nuclear-Fast Red solution.

2. Rinse in bidistilled water for 5 min, then dehydrate with the following ethanol
solutions: 50%, 70%, 96%, 100%, and 100% (5 min each).

3. Incubate 3 × 5 min in xylene (see Note 4). The grains will disappear with longer
times in xylene.

4. Mount with a cover glass in Malinol, a very old-fashioned, slowly drying mounting
medium. Many of the rapidly drying media, such as Entellan (Merck), cause
disappearance of the silver grains.

5. Dry for several weeks at 37°C.
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3.2.6. Analysis of Sections

Sections are analyzed with bright- or dark-field microscopy. Bright field
microscopy enables accurate measurement of signal density; dark-field micros-
copy is not quantitative and results intrinsically in a loss of resolving power
because light is reflected. We recommend, therefore, taking bright field images
that can be digitized and converted into “dark field” pictures.

Sections are first assessed qualitatively by the investigator. Pay attention to
the histological quality of images, as well as to the specificity and level of
staining (hybridization signal). The distribution of the hybridization signal is
screened for gradients which are probably not due to regional differences in
mRNA concentration. Such gradients usually do not follow anatomical bound-
aries and often reflect improper fixation. The specificity of the hybridization
signal is assessed by including proper controls in the analysis (see Note 35).
Initially, we expose two or three adjacent sections hybridized with the same
probes. On the basis of the intensity of the hybridization signal, we decide how
much longer adjacent slides, which have been simultaneously hybridized, still
have to be exposed to attain a proper signal. It should be kept in mind that if
quantification of the signal is required, the optical density of the signals should
not exceed 0.8, as there is a linear relationship between OD and cpm per area
within the 0–0.9 range. This level of intensity is definitely lower than a visu-
ally “nice” signal, which typically exceeds 1.5 OD.

For quantitative analysis (see Note 36), we use a microscope (Axiophot,
Zeiss), equipped with a cooled CCD camera (Photometrics series 200 with
CAF 1400 chip, Roper Scientific, Bogart, Georgia, USA) (31). Image analy-
sis is performed either with the NIH Image package (http://rsb.info.hih.gov/
nih-image/) or with the Optimas package (Media Cybernetics, Silver Spring,
MD, USA).

4. Notes
1. Successful in situ RNA detection requires that great care be taken to avoid con-

tamination of specimens, solutions and materials with RNases. Gloves are to be
worn during the entire procedure. All materials to be used, glassware, pipet tips,
slide trays, and solutions need to be sterilized. “Dry materials” should be heated
for 3 h at 140°C and solutions can be autoclaved for 30 min at 120°C, or made
with sterile buffer or bidistilled water. The “dry material” that cannot be steril-
ized by heating and surfaces must be wiped with a fresh solution of DEPC–etha-
nol or a commercial RNase decontaminant and air-dried. An alternative to the
use of glassware is sterile disposable plasticware.

2. DEPC is a strong inhibitor of RNases and a potential carcinogen that has to be
used under proper safety conditions. In addition, DEPC must not be used in Tris
buffers, as it is known to react with amines and develop toxic fumes.
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3. Formaldehyde and glutaraldehyde fumes are toxic. The formaldehyde and glutaral-
dehyde solutions should be prepared and handled under a fume hood. Use only
freshly prepared fixation solution A. However, the solution may be stored at –20°C
and aliquots maintaining its crosslinking properties can be thawed when needed.

4. Xylene has to be handled under a fume hood.
5. SP6 RNA polymerase has a lower enzymatic activity than T3 or T7 RNA poly-

merases and its transcription capacity is less efficient. Consequently, the use of
T3 and T7 polymerases is preferred to that of SP6.

6. The grade of the emulsion determines its sensitivity. Finer emulsion grades give
a better resolution but are less sensitive. Ilford Nuclear Research Emulsion G-5 is
generally used for the detection of 35S. The emulsion must be stored at 4°C and
protected from radiation.

7. Controls are absolutely necessary, in particular when the riboprobe is used for
the first time and its efficiency is unknown. A large panel of controls is avail-
able to investigators to check the specificity of either riboprobe or staining, or
the proper development of the experiments, etc.
a. A sense riboprobe is commonly used as negative control. An appropriate sense

probe must have the same length as the antisense probe, the same nucleotide
composition, and consequently share identical specific activity in terms of
background hybridization. However, remember that the absence of signal in a
negative control is not necessarily due to the fact that the sense probe did not
hybridize. Many other reasons may be responsible for the absence of signal.

b. Omission of the riboprobe in the hybridization solution or omission of the
anti-DIG antibodies in TBST make it possible to check whether or not endog-
enous enzymes are responsible for the final signal or contribute to it.

c. When the antisense probe appears to generate a very low signal that may be
confused with the background, one may use Hybridization buffers containing
a stable concentration of the labeled probe mixed with increasing concentra-
tions of non-labeled probe. The competition of the non-labeled probe with the
labeled probe for the hybridization with the transcript should lead to a signifi-
cant decrease of the specific signal.

d. One of the best controls consists in comparing the localization of the Cx gene
transcript with the localization of the Cx protein, detected by immunohis-
tochemistry. However, note that the abundance of Cx protein does not neces-
sarily reflect the expression level of the transcript (see Cx43 gene expression
in embryonic rat heart, [15]; or Cx45 gene expression in embryonic mouse
heart [17]).

8. Because the connexins have emerged as a family of proteins on the basis of their
amino acid sequences, thus sharing sequence homologies, care must be taken to
raise specific probes which do not crossreact with a nonexpected Cx transcript.
One must keep in mind that it is not uncommon that organs and cells express
multiple Cx genes and it is also likely that all Cx genes have not been identified
yet. Thus, the investigator must choose either to use the whole coding region of
the investigated Cx or only part of it in order to generate a more specific
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riboprobe. Often it is advised to use a probe from the most divergent region of the
Cx genes, that is, the 3' translated or untranslated regions. Yet by using different
Cx riboprobes we found that this choice was not the most critical point. We have
never seen nonspecific signal using riboprobes complementary with the whole
coding sequence, but we have noticed that the optimum probe length is about 1 kb.
Probes longer than 1 kb should not be used, because they should be fragmented
by a limited alkaline hydrolysis (28) (see Subheading 3.2.2.3.).

9. Before riboprobe synthesis, the plasmid is linearized from the opposite end of the
RNA polymerase initiation site to be used to prevent a further transcription of the
plasmid sequence. The enzyme used for this linearization must produce a 5' over-
hang or a blunt end. Use of templates with a 3' overhang can result in erroneous
transcripts containing sequences complementary to the expected transcript. The
restriction digestion should be complete. Undigested plasmid DNA present in the
transcription assay produces unwanted vector sequences.

10. An 11-carbon arm is intercalated between the nucleotide and the hapten for better
flexibility and accessibility of the hapten to the antibodies used during the detec-
tion procedure. During the synthesis of the probe the concentration of nucle-
otides is such that one DIG-11UTP molecule is randomly incorporated in the
sequence every 20–30 UTP.

11. Fixation is essential to preserve the tissue morphology and to anchor the RNA
within the tissue. Over-fixation hardens the tissues making sectioning difficult.
Underfixation generally results in weak and/or artificial hybridization. RNA is
very sensitive to degradation by RNase and easily washed away, and conse-
quently it is essential to start fixation as soon as possible after dissection of the
embryos. Formaldehyde fixation at 4°C prevents artifacts due to too rapid fixa-
tion that causes the formation of gradients inside the specimens.

12. In our first experiments we used methanol solutions to dehydrate and rehydrate
the fixed embryos as recommended in most of the protocols. Because methanol
is toxic we have shifted from methanol to ethanol without any noticeable differ-
ence in the results.

13. Proteinase K (PK) treatment helps to reduce the background by releasing RNA
from potential surrounding proteins. After this treatment, embryos become very
sticky and great care must be taken to minimize deposit of dust on the surface of
the embryos. In addition, PK treatment can eventually destroy the smallest
embryos. In that case, a shorter incubation time is required. Note also that the
activity of PK may vary from one batch to another.

14. According to certain protocols, embryos can be stored before or after heating at
70°C in the hybridization buffer without riboprobe. However, under such condi-
tions, the embryos become very clear and it is very difficult to keep track of the
smallest ones. In addition, the embryos, whatever their developmental stages,
become very fragile. For these reasons it is much safer to store them in 100% ethanol.

15. Heat-inactivated normal sheep serum in TBST will be used in the next step (Sub-
heading 3.1.4.3.), but also in the incubation step of the embryos with anti-DIG
antibodies (Subheading 3.1.4.4.). Prepare enough serum for both steps.
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16. In our first experiments we added 2 mM Levamisole (an inhibitor of tissue alka-
line phosphatases) to each solution used after the hybridization step, until incu-
bation with the Reaction buffer. We have detected no noticeable change when
omitting it, and consequently, we no longer use it. Nonetheless, before omitting
this inhibitor it has to be checked that the targeted tissues do not express endog-
enous alkaline phosphatases which could interfere with the expected results.

17. Immunostaining is usually performed at RT but when the signal takes a long time
to develop, it may be convenient to store the embryos at 4°C for several hours,
then to bring them back at RT.

18. The embryos can be photographed just after being rehydrated with TBST but the
quality of the staining will be improved (and the photographs also) if the embryos
are stored for a few days at 4°C in glycerol-PBT until complete clearing. The
embryos are photographed lying in a Petri dish on an agarose bed that can be stained
with various kinds of compounds such as bromophenol blue, Coomassie blue, phe-
nol red, etc.

19. Preservation of the cell constituents can be carried out either by direct freezing of
the samples in nitrogen-cooled isopentane, or by chemical fixation. We prefer
chemical fixation followed by paraffin embedding, as the unfixed frozen tissue is
very sensitive to RNase during the process of making cryostat sections. More-
over, the morphology of tissues is better preserved after paraffin embedding of
the samples than after freezing.

20. Storage of the fixed tissue for longer periods is possible in 70% ethanol; higher
ethanol concentrations make the tissue too hard to cut. The plastic racks/boxes
are from Emergo, Landsmeer, The Netherlands. The size of the boxes is 101 × 88
× 52 mm. Each box can contain one rack with 25 slides (75 × 25 mm).

21. Slide-coating. 3-Aminopropyltriethoxysilane (AAS), also known as 3-triethoxy-
silylpropylamine (TESPA), reacts with silica glass to produce aminoalkyl groups
on the glass surface that may bind either ionically or covalently with aldehyde or
ketone groups in the tissue. For both frozen and paraffin sections, AAS-treated
slides are far superior than poly-L-lysine-coated slides with respect to their bind-
ing characteristics of tissue sections (33).

22. Transcripts should be of high specific activity. Therefore, in the transcription
assay [35S]-CTP is not diluted with unlabeled CTP. A specific activity of 1.67 ×
109 cpm/µg is obtained with a new batch of [35S]CTP (1000 Ci/mmol). The only
way to get higher specific activity of the transcripts is to use more than one labeled
nucleotide in the assay. The concentration(s) of the [35S]nucleotide(s) must be at least
5 µM to guarantee full-length transcription. Although the use of two labeled nucle-
otides results in less full-length transcripts, the signal from hybridizations using
double-labeled probes is about twice as strong compared to that obtained from hybri-
dizations using single-labeled probes. We prefer to use [35S]CTP rather than
[35S]UTP, as at the optimal nucleotide concentration transcription of poly(U) stretches
in the DNA is hampered, thus preventing the synthesis of full length transcripts.

23. Although the optimum size of a probe for in situ hybridization is about 50–200
nucleotides it is important to prepare full length transcripts, as the total length of



Connexin Gene Expression 27

unique sequences determines the sensitivity of hybridization. Transcripts are sub-
sequently reduced in size by limited hydrolysis.

24. This step, carried out just before hybridization, is extremely important when
[35S]labeled probes are used, as it reduces background considerably.

25. The hybridization mixture contains 10% Dextran sulfate, a compound that is
strongly hydrated in aqueous solutions. Because of this effect, macromolecules
(such as the probe) have no access to the hydrating water, leading to an apparent
increase in probe concentration. Furthermore, the mixture contains 50%
formamide to lower the melting temperature of the duplex, and Denhardt’s, Tri-
ton X-100, and competitor DNA to lower background by preventing nonspecific
binding of the probe to the tissue or target RNA.

26. To reduce background, it is crucial to hybridize under reducing conditions in the
presence of DTT. Use of 33P-labeled probes is worth trying if persistent background
problems occur that cannot be overcome by the use of reducing conditions.

27. With a 35S-labeled cRNA probe concentration of 4 × 104 cpm/µL hybridization
mix, a good signal is achieved for most probes. For abundant messengers, probes
can be used for a period of three months. To get the highest possible signal,
especially with double-labeled probes to detect low abundance messengers, the
hybridization should be performed as soon as possible after labeling with a new
batch of nucleotides. Longer exposure is better than using a higher concentration
of the probe. A single-labeled RNA probe made with new radioactivity typically
gives a specific activity of 1.7 × 109 cpm/µg. With a concentration of 4 × 104 cpm/µL
hybridization mix, the RNA concentration is 24 pg/µL hybridization mix. For
double-labeled RNA probes the specific activity is 3.3 × 109 cpm/µg, and at a
concentration of 4 × 104 cpm/µL of hybridization mix, the RNA concentration is
12 pg/µL.

28. There is no need to use coverslips to prevent evaporation, provided that a proper
moist box is used (29). Drops of hybridization mixture containing the probe can
conveniently be applied on the sections and several probes can be easily com-
pared on consecutive sections.

29. Shorter hybridization times (i.e., 4 h), do not improve the signal-to-noise ratio,
and lead, in our experience, to a considerably lower signal of hybridization, which
is difficult to measure.

30. When a gene family such as that of the connexins is being investigated, it is
important to assess the specificity of hybridization. We did compare the use of
small, isoform-specific probes with longer probes that include regions of similar-
ity and observed, somewhat unexpectedly, that adjusting the stringency of the
hybridization conditions was equally effective as choosing a gene-specific frag-
ment with respect to specificity of hybridization.

31. Ilford emulsions can be handled under safe-light conditions. We use an indirect
illumination with a 15-Watt darkroom light fitted with a no. 902 Ilford filter, 1.5 m
above the working area. Although this illumination is safe for the duration of the
normal procedure, it is advisable to work fast and keep the exposure time of the
emulsion to light as short as possible. Switch off the light if you do not need it.
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Warming the emulsion will lead to more background grains, as does mechanical
stress. So work fast to keep the emulsion’s exposure to higher temperatures as short
as possible, treat the liquid emulsion gently, and dry the slides slowly. Avoid trap-
ping of air bubbles in the emulsion during melting and dipping, as this will prevent
precise allocating of the emulsion and give white spots in the final image.

32. The dilution of the emulsion, and thus the thickness of the emulsion layer, has a
considerable effect on the signal and the background. We typically use a dilution of
2.5× that gives a good signal and a good resolution with a low background. Using
a less diluted emulsion gives more blackening but less resolution. Undiluted emul-
sion can give more than 20× the signal of that of a 2.5× diluted emulsion, but the
resolution is very poor and, depending on the probe, the background high.

33. The standard developing time is 4 min at 18°C, while agitating to prevent exhaus-
tion of the developer at the emulsion surface. The higher the temperature, the
faster the process. To avoid swelling of the emulsion, the temperature is kept at
18°C. The temperature of all solutions should be the same, otherwise swelling or
contraction of the emulsion may lead to cracks in or even loss of the emulsion.
Longer times of development up to 16 min increase the signal proportional to the
time of development, permitting proportionally shorter exposure times (31). It
results, however, in lower resolution owing to the development of larger silver
grains. Nevertheless it may be extremely convenient in a rapid screen of many
different probes. On the other hand, longer exposure times result in sensitive
detection with superior resolution. Background signal is acceptable up to about
24 d of exposure.

34. After developing, the sections can be stained to allow localization of the silver
grains, indicating hybridization, within the tissue. Great care must be taken with
the choice of staining and mounting media, as they can have detrimental effects
on the developed silver grains. The image can fade or even completely disappear
(negative chemography). Staining with Nuclear-Fast Red gives a reproducible
result.

35. Worries about the specificity of the in situ hybridization can easily develop into a
nightmare for frequent users of the in situ hybridization technique who have to
accept that absolute specificity does not exist. Several artifacts, possible causes,
and controls are listed below. High general background, with grains all over the
slide, is most likely due to inaccuracies in one of the steps of the autoradiographic
procedures. Check the procedure using blank slides. High tissue background indi-
cates nonspecific binding of the probe. To distinguish whether this is due either
to the procedure or to the probe, use a positive control that should be positive in
some tissues and negative in others. We have dubbed such a control a “tissue-
intrinsic control” (29). Such a control is more informative than negative controls,
because it comprises both positive and negative controls in a single section. More-
over, a negative control, such as sense probes, is not a good control, even if it is
negative, because many other reasons can be envisioned why a probe is negative.
It is the authors’ experience that sense probes and probes to low abundance
mRNAs tend to display relatively high backgrounds due to binding of the probe
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to unrelated sequences. If the tissue-intrinsic control displays uniform back-
ground over the tissue, the quality of the probe has to be assessed. Check whether
plasmid sequences have been transcribed and whether the probe has the correct
length. Check various steps in the procedure such as probe concentration, strin-
gency of hybridization, washing, and RNase treatment. Increase DTT concentra-
tion to guarantee that reducing conditions are being used. If the tissue-intrinsic
control displays specific hybridization and the probe of interest does not, check
the quality of the probe and check whether the sequence contains GC-stretches or
T-stretches that may cause artificial hybridization. Isolate mRNA from the tissue
of interest and check by RT-PCR whether the probe reacts with a single molecu-
lar species. If possible use a probe with more unique sequences and/or double
label. If the probe displays a specific pattern of hybridization, this observation
can be strengthened by the use of a set of probes that hybridize to different
sequences of the mRNA of interest and should yield the same pattern. In all cases
the signal has to disappear when the sections are pretreated with RNase.

36. Quantitative aspects. Radioactive in situ hybridization is more quantitative than
generally thought (31). Thus, relative differences in the expression of mRNA
species can be provided and it can be assessed whether changes in the hybridiza-
tion signal are due either to changes in the cellular levels of a given mRNA spe-
cies, or to changes in the number of cells that accumulate the same mRNA.
Finally, changes in the relative mRNA levels can be related to changes in riboso-
mal RNA levels, permitting comparison with Northern analyses. Moreover, abso-
lute mRNA levels per cell can be determined, as the quantitative in situ
hybridization allows assessment of the distribution of the relative mRNA con-
centrations in a tissue, whereas the quantitative Northern or PCR analyses allow
assessment of the mRNA levels. For example, let us assume that we obtain, in
embryos, an estimate of 1,000,000 copies of mRNA/mm3 by Northern blotting or
quantitative PCR. Let us further assume that we look at sections (10 µm thick)
and find that all the RNA signal comes from the liver and that the liver in a
particular section occupies 100 mm2. The volume of the liver in this section is
(100 × 0.001 = 1 mm3). Therefore there are 1,000,000 mRNA copies in this sec-
tion or 10,000 per mm2. Assuming, for the sake of simplicity, that a liver cell in
this section is 10,000 µm3, there are 10 mRNA copies per liver cell. Let us now
assume the signal is not homogeneously distributed. In that case we can make a
histogram of ODs vs surface area. In such a graph the total area under the curve
represents the total amount of OD or the total number of mRNA copies in that
section, or 1,000,000. Let’s again for simplicity assume that the liver has a low
OD for 25% of its area and a high OD (e.g., 3× higher than low) for 75% of its
area. The total radioactivity in the low OD area is 0.25 × 1 = 0.25 units, whereas
that in the high OD area is 0.75 × 3 = 2.25 units. Together (2.5 units) this repre-
sents 1,000,000 mRNA copies. The low OD area therefore has 100,000 copies,
whereas the high OD area has got 900,000 copies. From this, one can again calculate
the number of copies per hepatocyte. Reliable OD measurements require homo-
geneous distribution of the absorbing product in the image. By definition the
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autoradiographic image is not homogeneous and OD measurements should, at
first sight, necessarily lead to a so-called distribution error. Fortunately, this is
not the case. OD values are calculated values based on the transmission observed
by a single detector element (in this case a pixel). Non-homogeneous transmis-
sions in that field lead to incorrect calculation of the OD because it is calculated
as the negative logarithm of the weighted average of these transmissions, rather
than as the sum of the negative logarithms of the individual transmissions, which
cannot be measured in the field of a single detector element (pixel). In the case of
OD measurements of autoradiographic images, the OD is zero (100% transmis-
sion) when no silver grains are present. In that very special situation the OD is
proportional to the area covered with silver grains.
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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 (1,2). 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).
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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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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.

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).
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2.2. Freeze-Fracture and Replication

1. 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.

2. Quartz crystal thin film monitor (Balzers).
3. Appropriate styrofoam box filled with liquid nitrogen to cool the specimen holder

injector.
4. Precision tweezers.

2.3. Detergent Treatment of the Replica

1. Phosphate-buffered saline (PBS), pH 7.4.
2. Buffered 2% SDS in 10 mM Tris-HCl and 30 mM sucrose, pH 8.3.
3. Porcelain spotting plaques.

2.4. Immunolabeling

1. PBS, pH 7.4.
2. 1% Bovine serum albumin (BSA) in PBS.
3. 0.2% BSA in PBS.
4. 0.5% Glutaraldehyde in PBS.
5. 50 mM Glycine in PBS.
6. Reagents were obtained from Sigma, unless otherwise indicated.

2.5. Antibodies

1. Affinity-purified rabbit polyclonal antibodies directed against the major intrinsic
membrane protein of the lens fibers (MP26) that recognize the native protein
(16) at a 1:500 dilution.

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

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

4. Polyclonal antibodies directed against a Cx50 peptide (19) at 1:200 dilution.
5. Monoclonal antibody directed against MP70 (Cx50) (20) at 1:200 dilution.
6. Protein A conjugated to 15- or 10-nm gold particles (Department of Cell Biol-

ogy, University of Utrecht, The Netherlands).
7. Mouse-IgG coupled to 15- or 10-nm colloidal gold particles (Amersham).

2.6. Mounting the Replica

1. Distilled water.
2. 300-mesh coated (thin film of Formvar or collodion) grids for electron

microscopy.
3. 0.3% Formvar solution (dichloroethane) or 1% collodion (chloroform).
4. Precision tweezers.
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3. Methods

3.1. Dissection and Preparation of the Frozen Specimens

1. 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.

2. The material to prepare the samples has to be dissected immediately after the
animals are killed. Very small (0.25 mm3) and thin pieces of the biological mate-
rial were placed on the specimen holders under a binocular microscope.

3. 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.

3.2. Freeze-Fracture and Replication

1. Start the pumping procedure of the freeze–fracture unit once the electron beam
guns are ready and the knife (razor blade) of the microtome arm has been changed.

2. Preheat the electron beam guns when vacuum is 10–5 Torr. Pt/C gun: 1000 V, 50 mA,
preheating for 2 min. C gun: 1500 V, 50 mA, preheating for 5 min.

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

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

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

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

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

8. When the microtome arm is cold (–196°C) and the vacuum reaches at least 5 × 10–7

Torr (about 20 min after replacement of the sample), adjust at –140°C the tem-
perature of the sample table (requires approx 10 min).

9. Wait till the vacuum is 2 × 10–7 Torr.
10. 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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11. Cover the final fractured surface of the specimen by placing the microtome arm
above the sample as soon as the fracture is completed.

12. 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.

13. 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).

3.3. Thawing and Detergent Treatment

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

2. 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.

3. 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.

4. 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).

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

3.4. Immunolabeling

3.4.1. Simple Immunolabeling

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

for 30 min.
3. Wash 5×, 3 min each, in PBS–0.2% BSA.
4. 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.
5. Wash 5× in PBS, 3 min each.
6. Fix in 0.5% glutaraldehyde in PBS for 5 min.
7. 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. Incubate in PBS–50 mM glycine (2 × 5 min).
2. Glycine is used to quench free aldehyde groups.
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3. For double or triple labeling, repeat all the steps of simple immunolabeling, either
once (double labeling) or twice (triple labeling) (see Notes 9–11).

3.5. Antibodies Raised Against Connexins and MP26

3.5.1. Polyclonal Antibodies

1. 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.

2. 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.

3. Antibody directed against a Cx46 (Cx 3) J peptide. Cx 3J 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 Cx 3J antiserum
was used at a 1:200 dilution for immunohistochemistry and SDS-FL.

4. 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 (6–4 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 6–4 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: Kp = 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).

2. 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 -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 -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 µm) 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 µm
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).

9. 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. 71). 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.

10. 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.

11. The semiquantitative evaluation of immunogold labeling can be applied to SDS-FL,
including basic stereology. This methodology has been extensively reviewed
(cf. 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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Purification of Gap Junctions

Gina E. Sosinsky and Guy A. Perkins

1. Introduction
The descriptive term gap junction originally arose from the electron micro-

graph studies of Revel and Karnovsky in 1967 (1). This morphological name
referred to a cell–cell contact area where two cell membranes were bridged by
a specialized membrane protein complex. Gap junctions are found in almost all
tissues where cells abut each other. The “gap” is a distinct morphological
feature whereby heavy metal stains are able to intercalate into a space between
the two joined cell membranes, as opposed to the situation in tight junctions,
where the membranes fuse and the stain cannot penetrate in between the cells.
Subsequent electron microscopy revealed that gap junctions consist of tens to
thousands of membrane channels (also called intercellular channels) contain-
ing proteins generally called connexins. Each membrane channel was shown
to contain two connexons, the hexamer of connexins, which dock at their
extracellular surfaces. In essence, the gap junction membrane channel is a
dimer of two hexamers joined together in the gap region. In this way, the mem-
brane channel extends across both cell membranes. Both freeze–fracture and
thin section electron micrographs showed that these gap junctional plaques
contained quasicrystalline areas of the membrane channels. During the next
decade, intensive efforts by many researchers were directed toward purifying
the gap junction plaques first seen in these micrographs for both biochemical
and structural analysis. Many man-years were spent developing and refining
isolation protocols that reliably gave pure preparations of gap junctions, which
were used for structure determination by electron crystallography (2) and
X-ray diffraction (3). The specimens that are considered most desirable for
electron crystallography are thin, uniform two-dimensional crystals. Early on,
gap junctions were looked on as a tantalizing specimen, not only because of
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their biological importance, but also because they form quasicrystals in the cell
and with limited detergent treatments could be induced into well-ordered two-
dimensional crystals (4). It is clear from the structural work that has been done
to date that the critical step in the structure determination is the isolation of
crystalline material in sufficient and pure quantities (a problem that structural
biologists also refer to as “no crystal, no grant”). In liver, the gap junction
arrays are estimated to cover only ~0.1% of the surface area of a hepatocyte,
therefore, one generally begins with large amounts of starting material to end
with a small quantity of pure gap junctions (5–7). Liver, lens and heart tissue
(8–10) have classically been the organs of choice for isolating gap junctions
because the majority of the tissue contains only one or two types of connexins and
starting material can be obtained in large quantities. The situation has improved
with the advent of molecular biology techniques for expression of the connexins in
tissue culture systems such as the baby hamster kidney (BHK) cell line (11) and the
insect cell line derived from Spodoptera (12,13). In these cell lines, the gap junc-
tions can be overexpressed, isolated and purified with larger yields than from native
tissues. Recent advances in the three-dimensional structure determination at ~7Å
have occurred because of the development of overexpression systems and
generation of recombinant connexin material (see ref. 14 and Chapter 4 in this
volume) as well as improved electron crystallographic structure determination
methods. These EM crystallographic methods have been greatly enhanced by
both improvements in electron microscopes as well as in computer reconstruction
techniques (see Chapter 4 and also ref. 15).

The protocols used for isolating gap junctions can be divided into two classes
based on the chemical treatment of the crude membrane fractions. One proce-
dure uses two detergents. The first detergent solubilizes nonjunctional mem-
branes and the second, sequential detergent both solubilizes nonjunctional
membranes and extracts lipids within the gap junctional membranes that cause
the channels to be more tightly packed, and therefore to be better ordered. The
second procedure uses a high pH treatment of the crude membrane fraction to
saponify the extrajunctional material. A detergent treatment may be subsequently
used as well. It should be noted that the fraction obtained by the alkali incubation
is typically less crystalline than with the detergent protocol. This may be used
to an advantage if an investigator wants to solubilize gap junctional plaques
into individual channels or connexons (as was done with insect cell gap junc-
tions and liver gap junctions by Stauffer et al. [12,13]). Procedures for isolat-
ing soluble fractions containing connexons directly from plasma membranes
(e.g., lens connexons, [16,17]) may also be found in Chapter 5 by Falk and in
Chapter 6 by VanSlyke and Musil in this volume. The quality of the purified
gap junctions has been assessed by both negative staining electron microscopy
and sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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2. Materials

2.1. Detergent Extraction of Liver Gap Junctions

1. 1 mM NaHCO3 buffer: 2.0 L of 1 mM NaHCO3, 1 mM EGTA, 0.5 mM
diisopropylfluorophosphate (DIFP) (0.168 g NaHCO3, 20 mL of 100 mM EGTA
stock, 184 µL DIFP, 1980 mL dH2O) (see Note 1).

Caution: DIFP is a neurotoxin, so it is essential to wear gloves when using it
in its undiluted form. Place pipet tips used during dilution into a concentrated
NaOH solution in a waste receptacle. When diluted in water, DIFP is much less
harmful, although some care should be taken not to ingest any solutions contain-
ing DIFP.

2. 6 mM NaHCO3 buffer: 3 L of 6 mM NaHCO3, 1 mM EGTA, 0.5 mM DIFP (1.53 g
of NaHCO3, 30 mL of 100 mM EGTA stock, 276 µL of DIFP, 2970 mL of dH2O).

3. Tris-HCl buffer: 3 L of 5 mM Tris-HCl pH 8.5, 1 mM EGTA, 0.5 mM of DIFP
(150 mL of 100 mM Tris-HCl stock, 30 mL of 100 mM EGTA stock, 276 µL of
DIFP, 2820 mL of dH2O).

4. 2 L of 67% sucrose (1780.4 g of sucrose) in Tris-HCl buffer.
5. 1 L of 41% sucrose in Tris-HCl buffer (add 610 mL of 67% sucrose to 390 mL of

Tris-HCl buffer).
6. 400 mL of 25% sucrose in Tris-HCl buffer (add 150 mL of 67% sucrose to 250 mL

of Tris-HCl buffer).
7. 300 mL of 30% sucrose in Tris-HCl buffer (add 135 mL of 67% sucrose to 165 mL

of Tris-HCl buffer).
8. 100 mL of 0.6% Sarkosyl detergent in Tris-HCl buffer (0.6 g/100 mL).
9. 100 mL of 0.6% Brij 58 detergent in Tris-HCl buffer (0.6 g/100 mL).

2.2. Alkali Extraction of Liver Gap Junctions

1. NaHCO3 buffer: 20 L of 1 mM NaHCO3, 0.5 mM DIFP.
2. 5 mL of 40 mM NaOH, 0.5 mM DIFP.
3. 25 mL of 20 mM NaOH, 0.5 mM DIFP.
4. 2 L of 67% sucrose (1780.4 g of sucrose) in 1 mM NaHCO3 buffer.
5. 200 mL of 55% sucrose in 1 mM NaHCO3 buffer (made from 67% sucrose solu-

tion).
6. 2 L of 37% sucrose in 1 mM NaHCO3 buffer (made from 67% sucrose solution).
7. 5 mL of 30% sucrose in 1 mM NaHCO3 buffer (made from 67% sucrose solution).
8. 2 mL of 41% sucrose in 1 mM NaHCO3 buffer (made from 67% sucrose solution).

2.3. Detergent Extraction of Heart Gap Junctions

1. NaHCO3 buffer: 1.0 L of 1 mM NaHCO3, pH 8.2, 1 mM (phenylmethylsulfonyl
fluoride (PMSF, added as a solid to solutions).

2. KI/Na2S2O3/NaHCO3 solution: 200 mL of 0.6 M KI, 6 mM Na2S2O3, 1 mM
NaHCO3, pH 8.2, 1 mM PMSF.

3. KI/Na2S2O3/Tris solution: 70 mL of 0.6 M KI, 6 mM Na2S2O3, 5 mM Tris-HCl,
pH 9.0, 1 mM PMSF.
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4. Tris buffer: 400 mL of 5 mM Tris-HCl, pH 10.0, 1 mM PMSF.
5. 25 mL of 49% sucrose, 0.3% deoxycholate in 5 mM Tris-HCl, pH 10.0; solid

PMSF added to a final concentration of 1 mM.
6. 35 mL of 35% sucrose, 0.3% deoxycholate in 5 mM Tris-HCl, pH 10.0; solid

PMSF added to a final concentration of 1 mM.
7. 30 mL of 0.6% Sarkosyl in 5 mM Tris-HCl, pH 10.0, 1 mM PMSF (added as a

solid to solutions).
8. 20 mL of 0.3% deoxycholate in 5 mM Tris-HCl, pH 10.0, 1 mM PMSF.

2.4. Detergent Extraction of Cx263T Gap Junctions from Stable
Transfected BHK Cells

1. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer: 180 mL of
10 mM HEPES, pH 7.4; 0.8% NaCl.

2. PMSF stock solution is 70 mg/mL in dimethyl sulfoxide (DMSO).
3. Buffered Tween-20: 10 mL of 10 mM HEPES, pH 7.5, 0.8% NaCl; solid PMSF

added to a final concentration of 0.14 mg/mL, 200 mM KI, 2 mM sodium thiosul-
fate, Tween-20 at a final concentration of 2.8%.

4. Dialysis buffer: 1 L of HEPES buffer containing 2.5 mL of gentamicin.
5. 30 mL of 25% sucrose in 10 mM HEPES buffer.
6. 10 mL of Tween-20 in 10 mM HEPES buffer containing 200 mM potassium

iodide, 2 mM sodium thiosulfate. The concentration of Tween-20 for this incuba-
tion is 2.7% per milligram of total membrane protein. After 12 h, 1,2-diheptanoyl-
sn-phosphocholine (DHPC, Avanti Polar Lipids) at a concentration of 50× the
critical micelle concentration is added to the detergent solution. The critical micelle
concentration of Tween-20 is 0.06 mM. The Tween-20 was purified on a mixed ion
exchange column (Bio-Rad AG-1X8 resin) to eliminate charged contaminants.

2.5. Alkali Extraction of Spodoptera Gap Junctions

1. NaHCO3 buffer: 2.3 L of 1 mM NaHCO3, pH 8.2, solid PMSF added to a final
concentration of 1 mM.

2. 50 mL of 67% sucrose in NaHCO3 buffer.
3. 30 mL of 30% sucrose in NaHCO3 buffer.

2.6. Splitting of Liver Gap Junctions

1. Tris buffer: 10 mL of 5 mM Tris-HCl, pH 8.5, 1 mM EGTA, and 0.5 mM DIFP.
2. Urea solution: 10 mL of Tris buffer, 8 M urea, 5 mM EGTA, 10 mM dithio-

threitol (DTT).

2.7. Electron Microscopy Reagents

1. 1–2% Uranyl acetate, 1–2% sodium phosphotungstate, or 2% potassium phos-
photungstate (w/v in distilled water). Electron microscopy is necessary to check
purity and crystallinity of gap junctions.

2. 300–400 copper mesh grids (available from microscope supply companies such
as Pelco, PO Box 492477, Redding, CA 96049-2477, USA; Ernest F. Fullam,
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900 Albany Shaker Rd., Latham, New York 12110, USA; and Structure Probe,
569 East Gay Street, West Chester, PA 19380, USA).

3. Mica sheets (available from microscope supply companies such as those listed
in step 2).

4. 0.3% Formvar solution (w/v in ethylene dichloride).

2.8. Centrifuges and Rotors

All rotors are designations from Beckman-Coulter Instruments, Spinco Div.,
Palo Alto, CA, USA or Sorvall Instruments, Newtown, CT, USA except where
noted. The web sites, http://www.beckmancoulter.com/beckman/biorsrch/
prodinfo/cntrifug/rotrcalc.asp for Beckman-Coulter rotors or http://www.
sorvall.com/support/rcf-calc.htm for Sorvall rotors are useful for converting
run times between different rotors. Please note: most of the Relative Centrifu-
gal Forces (RCF, expressed in the text here as numbers of g’s) are converted
from revolutions per minute (RPM) and are the average RCFs.

1. Specific rotors for the detergent extraction of Liver gap junctions: JA-10, JA-14,
JA-20 (for use in Beckman J series Centrifuge) , SW-28 Ti (for use in Beckman
Ultracentrifuge).

2. Specific rotors for the alkali extraction of liver gap junctions: JA-10, JA-20, SW-40
Ti (for use in Beckman Ultracentrifuge), JCF-Z continuous flow rotor, Ti-15
ultracentrifuge zonal rotor.

3. Specific rotors for the detergent extraction of heart gap junctions: Sorvall SS-34
(Sorvall Preparative Centrifuge), SW-28 Ti (for use in Beckman Ultracentrifuge).

4. Specific rotors for the detergent extraction of Cx263T gap junctions from BHK
cells expressing Cx263T : Beckman JA-10 (for use in Beckman J series Centri-
fuge), GH-3.8 (for use in a Beckman Allegra or GS6 Benchtop Centrifuge), SW-28
Ti (for use in Beckman Ultracentrifuge).

5. Specific rotors for the alkali extraction of Spodoptera gap junctions: JA-20,
SW-40 Ti.

6. Specific rotors for the splitting of liver gap junctions: TLA-100 (for use in
Beckman Table Tap Ultracentrifuge Model).

2.9. Other Small Apparatus

1. Probe sonicator with small probe, Branson Ultrasonics, 465 Borrego Ct No. C,
San Dimas, CA, USA.

2. Reichert-Jung 10431 hand refractometer, from Reichert-Jung, Rheinlandstrasse
36, Frankfurt Am Main, 60529 Germany.

3. DotMetric protein assay, from Geno Technology, 3047 Bartold Ave., Maplewood,
MO 63143, USA.

4. Two 4-L Cole Parmer buckets, Cole-Parmer Instrument, 625 East Bunker Court,
Vernon Hills, IL 60061–1844, USA.

2.10. Other Reagents

1. All reagents are from Sigma–Aldrich (USA) except where noted.
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3. Methods

3.1. Purification of Gap Junction Membranes from Liver

3.1.1. Detergent Extraction Protocol

Gap junctions are isolated as double membrane plaques by membrane frac-
tionation and purification techniques (see Fig. 1 for a schematic of the proce-
dure). The isolation protocol, modified from Fallon and Goodenough (5),
produces exceptionally high yields of gap junctions (up to 1 mg/150 g of liver)
with relatively high crystallinity and little amorphous material; collagen con-
tamination is also low. The two detergents used are Sarkosyl and Brij 58. The
following protocol is for livers obtained from 36 young rats (3–4 wk old). The
total amount of starting liver tissue is ~150 g of liver.

1. In the cold room, cool two steel Cole-Parmer buckets and one swath of two lay-
ers and another swath of four layers of cheesecloth. Set out two dishpans of ice
and body bags. Rinse Dounce and a pestle and 12 polyallomer JA-10 bottles.
Cool 2 JA-10 rotors in separate centrifuges. All subsequent purification steps are
performed on ice or in centrifuges cooled to 4°C, except where noted.

2. Pour 3 L of 6 mM NaHCO3 buffer in a small Cole–Parmer steel bucket and place
it on one pan of ice. Place the 2 -L container of 1 mM NaHCO3 buffer on the
other pan of ice.

3. Kill 36 rats, six rats at a time (see Note 2). Fill the Dounce homogenizer with
cold 1 mM NaHCO3 buffer (~50 mL). Put the livers in the Dounce and homog-
enize with 8–10 strokes. Homogenize with a Tissuemizer. Add this homogenate
to the 3 L of 6 mM NaHCO3 buffer.

4. When all the livers have been homogenized, let the total homogenate sit on ice
for 10 min.

5. Filter this homogenate through two layers and then four layers of cheesecloth
and funnel into the second Cole–Parmer steel bucket.

6. Distribute the filtrate into 12 ultraclear JA-10 bottles and centrifuge for 30 min at
10,976g; brake at max.

7. Aspirate the supernatant, taking special care to remove the white lipid layers.
Resuspend the pellets in each of the 12 JA-10 bottles with 1 mM NaHCO3 buffer
(~20 mL of buffer in each bottle). Mix and then distribute the resuspension into
two ultraclear JA-10 bottles and fill these with 1 mM NaHCO3 buffer. Centri-
fuge for 30 min at ~11,000g.

8. Aspirate the supernatant and resuspend each pellet in ~100 mL of 1 mM NaHCO3

buffer. Transfer into a 1-L flask. The volume of the sample should be 200–300 mL.
9. Place a large stirbar in the flask of sample, and while spinning, slowly add 67%

buffered sucrose until the sample has a sucrose density of 50%. Approximately
~500 mL of 67% sucrose is needed. Use a hand refractometer to confirm this,
such as a Reichert-Jung 10431 hand refractometer. The volume of the sucrose-
laden sample will be approx 900 mL. Keep this cold.
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10. Make six gradients in six ultraclear JA-10 bottles:
a. Layer sample/50% sucrose on the bottom of six JA-10 bottles (~150 mL per bottle).
b. Layer 150 mL of 41% sucrose on top of the sample (see Note 3).
c. Layer ~37 mL of 25% sucrose on top of 41% sucrose (use automated pipet at

slowest speed).
d. Centrifuge overnight in the JA-10 at ~11,000g. Brake at 0.

11. Collect the 25%/41% interface using a 25-mL pipet into a 2 L flask. Usually this is
2 × 25 mL per bottle. Dilute the 300–400 mL of the interface material with 800 mL
of 5 mM Tris buffer. Centrifuge in six JA-14 bottles at 18,879 g for 30 min.

12. While the sample is being centrifuged, prepare Sarkosyl detergent. Rinse a stirbar,
six JA-20 tubes, and a glass syringe. Cool one JA-20 rotor to 4°C.

13. When the centrifugation in the JA-14 has been completed, aspirate the maximum
amount of the supernatant and resuspend the pellet in a minimum amount of Tris
buffer (~10 mL each tube). Collect these resuspended pellets into one JA-14
bottle. Rinse the centrifuge bottles in a minimum amount of buffer (~10 mL) and
transfer the rinse into the JA-14 bottle. The total volume should be below 100 mL.
Bring the volume to 100 mL with just enough Tris buffer.

14. While stirring, slowly pour 100 mL of Sarkosyl into the beaker. Stir at room
temperature for 10 min. Briefly sonicate this solution with a probe sonicator.
Decant the sample into six ultraclear JA-20 tubes and centrifuge for 20 min at
~31,400g.

15. Prepare the Brij 58 detergent. It takes 10–15 min for the Brij to dissolve. Use a
circular shaker in a cold room.

16. Aspirate the supernatant from step 14. Resuspend the pellets with a TOTAL of
10 mL of Brij solution, that is, 1.5 mL/tube. Use plastic pipets to resuspend. Do
not foam. Mix the resuspensions and briefly sonicate this solution with a probe
sonicator.

17. Make four gradients in four ultraclear SW-28 tubes in the following way:
a. Layer ~7 mL of 41% sucrose at the bottom.
b. Layer ~26 mL of 30% on top of 41%.
c. Layer the sample/Brij onto the 30% and top the centrifuge tubes up with Brij.
d. Centrifuge the gradients in a SW-28 rotor for 2 h at ~82,700g.

18. To collect the sample at the 30%/41% interface, first clean the outsides of the
gradient tubes with ethanol and water and dry them. Use an 18- or 25-gauge
needle to puncture the tube at the bottom side of the tube. Use a fiber optics light
to watch the interface come down (illuminate from the side); sometimes a black
background helps to visualize the boundary. Then collect the interface, which
appears white, into a clear SW-28 tube (~2 mL from each tube).

19. Top the SW-28 tube with Tris buffer and mix thoroughly. Spin in the SW-28 for
30 min at ~82,700g.

20. Resuspend the pellet with 0.5 mL of Tris buffer. Transfer to a 1.5 mL Eppendorf
tube and add 1 µL of DIFP. Vortex-mix briefly.

21. (Optional) To further purify the gap junctions, steps 14–20 may be repeated with
the pellets from step 19, substituting 0.5% sodium deoxycholate for the 1.0%
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Sarkosyl. The total volume should be no more than 20 mL. Hence, only one
centrifuge tube is used. Continue to use one tube for steps 16–19.

3.1.2. Alkali Extraction Protocol

Initial enrichment of gap junctions is accomplished by the partial purifica-
tion of liver plasma membranes, following the procedure described by
Hertzberg (7). Subsequently, nonjunctional membranes are removed by soni-
cation in the presence of alkali. Differential centrifugation and density gradi-
ent centrifugation finally yields purified gap junction plaques containing Cx26
and Cx32. About the same amount of gap junction proteins can be obtained
with this alkali procedure (about 1 mg/150 g of liver) compared to the deter-
gent procedure. However, the crystalline quality of the junctional plaques and
purity of preparations may not be as good as with detergent procedures.

1. Guillotine 40 rats (see Note 4). Excise the livers and place in 2 L of cold 1 mM
NaHCO3 buffer. For all steps, keep the sample on ice or at 4°C.

2. Mince liver into small pieces with scissors and rinse repeatedly with NaHCO3

buffer until the supernatant is clear, approximately 4 L is typical for the repeated
rinses to clear the tissue (see Note 5).

3. Homogenize the minced tissue with four to eight strokes (see Note 6) in 2 L of
NaHCO3 buffer in a loose-fitting large Dounce homogenizer that will hold at
least 300 mL (see Note 7).

4. Dilute homogenate to 4 L with NaHCO3 buffer and filter first through two layers
and then four layers of cheesecloth.

5. Dilute homogenate to 8 L with NaHCO3 buffer and pump at 250 mL/min through
a JCF-Z rotor at ~3590 g for a total time of 32 min (see Note 8).

6. Resuspend the pellet with 300 mL of NaHCO3 buffer and homogenize with no
more than two gentle strokes with the same type of Dounce homogenizer used in
step 3. Centrifuge at 16,000g for 10 min.

7. Resuspend the pellet in NaHCO3 buffer to give a final volume of 300 mL. Add
600 mL of 67% sucrose solution and filter through four layers of cheesecloth.

8. To remove nuclei and obtain a fraction enriched in liver plasma membrane, use
the zonal Ti-15 rotor. Place the sample in the four sectors of the rotor (see Note 9)
and fill to the top with the 37% sucrose solution. Seal the rotor and fill the load-
ing cap with the 55% sucrose solution using a 60-mL syringe through the outer
set of holes in the vanes. Loading is finished when some of the 37% sucrose
solution is forced out of the cap (see Note 10).

9. Spin in an ultracentrifuge by accelerating at the slowest acceleration setting of
the ultracentrifuge to 84,000g and maintain at this speed for an additional 1.5 h.
Stop without braking and collect at the sample/37% sucrose interface with a 50-mL
syringe (~30 mL) (see Note 11).

10. Dilute 3× with NaHCO3 buffer and centrifuge in a JA-10 rotor for 10 min at
16,000g.
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11. Resuspend pellet (enriched plasma membranes) in a minimal volume of NaHCO3

buffer (~20 mL); aliquot in 5-mL volumes, and store at –20°C until processed for
purification of gap junctions (see Note 12).

12. To one of the 5-mL aliquots of enriched plasma membrane add 5 mL of 40 mM
NaOH in polysulfone centrifuge tubes (see Note 13).

13. Sonicate with a probe sonicator at medium setting for 12 s, for example, Model
W-225R, Heat System Ultrasonics with standard microtip using setting 6.

14. Add 25 mL of 20 mM NaOH and mix.
15. Sediment by centrifuging at 43,700g for 10 min in a JA-20 rotor.
16. Aspirate the supernatant and loose material on top of the stratified pellet.
17. Resuspend the pellet with 0.25 mL of NaHCO3 buffer and disperse with gentle

sonication. Dilute with additional NaHCO3 buffer (~3 mL) and centrifuge at
43,700g for 10 min.

18. Disperse the pellet by sonication in ~3 mL of NaHCO3 buffer and dilute further
to 12 mL. Add 16.5 g of 67% sucrose in buffer and adjust volume to 25 mL.
Confirm that the sample is 38% sucrose with a hand refractometer, for example,
a Reichert-Jung 10431, and adjust if necessary.

19. Prepare six tubes (one sixth of the sample in each) of discontinuous sucrose gra-
dients in ultraclear disposable tubes for the SW-40 Ti rotor by first adding 2 mL
of 45% sucrose in buffer. Add 4 mL of the sample. Add 5 mL of 30% sucrose in
buffer and finally top with NaHCO3 buffer. Centrifuge at 270,000g for 1.5 h. Set
brake on ultracentrifuge to off.

20. Use a 16- or 18-gauge needle on a 10-ml glass syringe to collect the material at
all of the interfaces into one pool. Do not puncture, but instead collect by gently
inserting the needle from the top. Use a fiber optics light to watch the interfaces
(illuminate from the side); sometimes a black background helps to visualize the
boundary, which appears white. When all of the interfaces have been collected
(~4 mL/tube), combine the remaining sucrose as a “gradient residue” fraction.

21. Dilute both fractions 3× with NaHCO3 buffer. Centrifuge in a JA-20 rotor at
43,700g for 20 min. Resuspend by sonication in ~2 mL of NaHCO3 buffer.
Dilute with ~2 mL of NaHCO3 buffer and repeat the centrifugation.

22. Resuspend the pellets by sonication in ~1 mL of NaHCO3 buffer. Purified gap
junctions are in the “interface” pool. However, additional gap junctions, often
highly pure, are in the “gradient residue” pool (see Note 14).

3.2. Purification of Gap Junctions from Heart

3.2.1. Detergent Extraction Protocol

The following procedure is that of Manjunath et al. (18) with modifications
described by Manjunath and Page (8) and Yeager (19). The yield is approx 0.4 mg
of gap junction proteins per 1 g of heart. The two detergents used are Sarkosyl
and deoxycholate. The protocol described here is for 4 rat hearts, but can be
scaled up to 20 rat hearts (19).
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1. Anesthetize four rats (Sprague–Dawley, 300–350 g) with ether (see Note 15).
2. Excise hearts and place in 40 mL of ice-cold NaHCO3 buffer. All subsequent

steps are carried out on ice or at 4°C, unless otherwise noted.
3. Cut away the superficial fat and major vessels. Mince into small pieces with scissors.
4. Homogenize for 60 s with a Tissuemizer (for example, model SDT 100 EM,

Tekmar Instruments set at maximum speed).
5. Dilute homogenate to 300 mL with NaHCO3 buffer and filter through six layers

of cheesecloth.
6. Centrifuge at ~21,400g for 15 min in a Sorvall SS-34 rotor.
7. Discard the supernatant and resuspend the pellet in 300 mL of NaHCO3 buffer

with a Dounce homogenizer with only three or four strokes.
8. Centrifuge the suspension at ~21,400g for 15 min in a Sorvall SS-34 rotor and

discard the supernatant.
9. Suspend the pellet in 200 mL of KI/Na2S2O3/NaHCO3 solution and slowly stir

overnight in a cold room. This extracts the contractile proteins.
10. Centrifuge the suspension at ~11,300g for 30 min in a Sorvall SS-34 rotor and

discard the supernatant.
11. Add 70 mL of KI/Na2S2O3/Tris solution and resuspend. Centrifuge the suspen-

sion at ~11,300g for 30 min in a Sorvall SS-34 rotor and discard the supernatant.
12. Add 300 mL of Tris buffer and resuspend. Centrifuge the suspension at ~11,300g

for 30 min in a Sorvall SS-34 rotor and discard the supernatant.
13. Resuspend in 30 mL of Tris buffer at room temperature.
14. Homogenize suspension with a 100–300 mL of Dounce homogenizer using three

strokes.
15. Add 30 mL of Sarkosyl in buffer while stirring (see Note 16).
16. Stir for 10 min at room temperature.
17. Make three discontinuous gradients in three ultraclear SW-28 tubes:

a. Layer 8 mL of 49% sucrose/deoxycholate on the bottom.
b. Layer 10 mL of 35% sucrose/deoxycholate next.
c. Layer 20 mL of sample on top.
d. Centrifuge at ~64,100g for 60 min at 15°C in a SW-28 rotor. Brake at 0.

18. Collect band at the 35–49% sucrose interface and dilute with an equal volume of
0.3% deoxycholate in buffer.

19. Centrifuge at ~103,800g for 60 min at 15°C in a SW-28 rotor, which yields gap-
junction enriched membranes in the pellet.

20. Suspend pellet in 2 mL of 0.3% deoxycholate and sonicate, for example, with a
Sonifier Cell Disrupter, model W140, Heat Systems-Ultrasonics at setting 2, for
20 s in a cold room.

21. Make one discontinuous gradient
a. Layer 3 mL of 49% sucrose/deoxycholate on the bottom (see Note 17).
b. Layer 4.8 mL of 35% sucrose/deoxycholate.
c. Layer sonicated suspension on top.
d. Centrifuge at ~66,200 g for 60 min at 15°C in a SW-28.1 rotor.
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22. Collect the 35/49% sucrose interface, which will contain the purified gap junc-
tion plaques (see Note 18).

3.3. Purification of Gap Junction Membranes from Cultured Cells

3.3.1. Truncated Form of Cx43 from Stable Transfected BHK Cells

The major cardiac gap junction protein is Cx43. Expression of a truncated
form of Cx43, Cx-263T, has been achieved in a stable transfected BHK cell line
(14). The truncation occurs after Pro263 and removes most of the large C-terminal
domain. The buffer used is HEPES, rather than the more commonly used
bicarbonate and Tris buffers. The two detergents used are Tween-20 and DHPC.
This protocol results in a much less pure fraction of gap junctions than can be
obtained from either liver or heart tissue using the previously described proto-
cols. The crystallinity of the purified gap junction plaques (~7Å), however, is the
highest reported from all protocols and may be related to the deletion of a flex-
ible cytoplasmic domain of Cx43. The following protocol is for confluent cell
cultures grown on 20 T150 tissue culture flasks. See Chapter 4 in this volume.

1. Examine the cell confluency by light microscopy. When the cells appear
nearly confluent, they are ready for induction. Aspirate the medium. Induce
expression of the truncated form of Cx43, Cx-263T, by adding 100 µM
Zn-acetate to the culture medium of a confluent layer of stably transfected
BHK cells that express Cx-263T under the control of the inducible mouse
metallothionine promotor.

2. Collect cells 8 h after induction by using a cell scraper to dislodge the cells from
the bottom of the plates. Place a 500-mL JA-10 centrifuge bottle into an ice bucket
and insert a funnel into the bottle. Decant the media with the suspended cells into
the funnel. Centrifuge at 2000g for 5 min at 4°C in a JA-10 rotor.

3. Decant the supernatant.
4. Carefully pipet 10 mL of ice-cold HEPES buffer into the centrifuge tube without

disturbing the pellet.
5. Detach the pellet by swirling the bottle.
6. Pour the contents with the intact pellet into a 50-ml Falcon conical plastic tube.
7. Vortex-mix the tube to break up the pellet.
8. Add HEPES buffer until the volume is 50 mL.
9. Centrifuge at 162g for 5 min. at 4°C in a GH-3.8 rotor.

10. Decant the supernatant and add 5 mL of HEPES buffer containing 0.14 mg/mL
of PMSF to the pellet.

11. Resuspend the pellet by vortex-mixing.
12. Add HEPES buffer with 0.14 mg/mL PMSF until the final volume is 15 mL.
13. Incubated in the Falcon tube for 5 min on ice.
14. Sonicate for 5 s 3× with a Branson sonicator with the output setting at 6–7, 60%

duty cycle. Wait 15 s between each burst (see Note 19).
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15. With a light microscope, examine a drop of the suspension to determine if the cell lysis
is at least 90%. If the cell lysis is less than 90%, then repeat the sonication for 5 s.

16. Add HEPES buffer with 0.14 mg/mL of PMSF until the volume is 35 mL.
17. Centrifuge at ~82,700g for 45 min at 4°C in a SW-28 rotor.
18. Decant the supernatant and resuspend the pellet in 5 mL of cold HEPES buffer.
19. Add 49% sucrose in HEPES buffer to a SW-28 tube and pipet the 5-mL crude

membrane homogenate on top.
20. Centrifuge at ~82,700g for 45 min. at 4°C in a SW-28 rotor.
21. Use a plastic disposable pipet to carefully remove the material floating on top.
22. Retrieve the 49% interface from the top of the tube with a different pipet and

transfer to another SW-28 tube. The appearance of the homogenate should be
milky white.

23. Add HEPES buffer until the volume is 35 mL.
24. Use a plastic pipet to mix the solution.
25. Centrifuge at ~82,700g for 45 min at 4°C in a SW-28 rotor.
26. Decant the supernatant.
27. Add 1 mL of cold HEPES buffer with 0.14 mg/mL of PMSF.
28. Disrupt the pellet by repeated passage through a plastic Eppendorf pipet.
29. Homogenize the sample by sonication for 5 s. The specimen is stable at 4°C

for ~2 wk.
30. The following steps provide the procedure for in situ 2-dimensional crystalliza-

tion of recombinant gap junction channels. Determine the protein concentration
with an assay, for example, the DotMetric protein assay, Geno Technology.

31. Adjust the volume of the enriched gap junction suspension to a protein concen-
tration of 1 mg/mL.

32. Extract lipids and dissolve nonjunctional membranes by adding to this solution
2.8% Tween-20, 200 mM KI, 2 mM sodium thiosulfate, 0.14 mg/mL of PMSF,
0.05 mg/mL of gentamicin in 10 mM HEPES buffer, pH 7.5, containing 0.8%
NaCl. Because Tween-20 is contaminated with aldehydes, peroxides, and free
acids, it must be purified immediately before use by ion-exchange chromatogra-
phy (resin AG501-X8D; Bio-Rad, Richmond, CA, USA).

33. Add a magnetic mini-stirring bar to the tube and stir at 27° C for 12 h.
34. After the 12-h incubation, add solid DHPC at a final concentration of 13.5 mg/mL

and continue extraction for 1 h at 27°C.
35. Make one discontinuous gradient in an ultraclear SW-28 tube:

a. Layer on the bottom 30 mL of 25% sucrose in 10 mM HEPES buffer, 0.8%
NaCl, pH 7.5.

b. Layer sample on top (~5 mL).
c. Centrifuge at ~82,700g for 60 min at 4°C in a SW-28 rotor. Brake at 0.

36. Collect the pellet, carefully removing the supernatant to avoid introducing any
excess detergent in the sample. Wipe the tube clean with a Kimwipe to remove
any residual sucrose or detergent.

37. Resuspend the pellet in 0.8 mL of HEPES buffer. Sonicate, if necessary, for a
few seconds.
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38. Dialyze against two changes of a 500-mL reservoir of HEPES buffer containing
2.5 mL of gentamicin for 1–2 d at 4°C to remove the residual detergent.

39. Store the suspension at 4°C in a 1.5-mL Eppendorf tube.

3.3.2. Gap Junctions Composed of Cx32 and Cx26 from Spodoptera
Transfected Cultured Cells

Cx32 and Cx26 have been successfully expressed in the insect cell line Sf9
from Spodoptera (12,13). This procedure and subsequent extraction and purifi-
cation of gap junction plaques is described in Stauffer (13). An alkali extraction
procedure was used similar to the Hertzberg technique described previously (7),
but with fewer centrifugation steps. Gap junctions consisting of Cx32, Cx26, or
a combination of the two have been successfully expressed and purified. These
are the connexins that are found in liver gap junctions. The recipe here is for 1 L
of culture with a cell density of 2 × 106 cells/mL.

1. Harvest 1 L of connexin baculovirus Spodoptera insect cells (cell line Sf9) after
a high level of expression of the coding sequence 60–90 h following infection.

2. Wash cells with 200 mL of 150 mM NaCl, 1 mM PMSF, 5 mM 4-morpholine-
ethanesulfonic acid (MES), pH 6.2 buffer to remove medium (see Note 20).

3. Add 40 mM NaOH to an equal volume of cell extract so that the final concentra-
tion of NaOH is 20 mM. Break the cells by sonicating for 15 s, for example, with
a Kontes probe sonicator operated at 5W using a 3-mm tip.

4. Incubate the broken cells on ice for 1 h. Afterwards, centrifuge in preparative
rotor, such as a JA-20 rotor, at 35,000g for 20 min.

5. Resuspend pellets in 12 mL of NaHCO3 buffer and place in a 100-mL flask.
Place a large stirbar in the flask of sample, and, with spinning, slowly add 67%
buffered sucrose until the sample has a sucrose density of 42%. Use a hand
refractometer to confirm this, such as a Reichert–Jung 10431 hand refractometer.

6. Prepare six tubes (one sixth of the sample in each) of discontinuous sucrose
gradients in ultraclear disposable tubes for the ultracentrifuge rotors, such as
a SW-40 Ti or SW-28 rotor, by first adding 4–5 mL of the sample. Add 5 mL of
30% sucrose in buffer and finally top with NaHCO3 buffer. Centrifuge at
100,000g for 100 min. Stop without braking.

7. Collect bands at both the 42%/30% and the 30%/NaHCO3 interfaces. Also col-
lect any material in the 30% sucrose bulk.

8. Pool the samples and dilute fivefold with NaHCO3 buffer. Centrifuge in a pre-
parative rotor, for example, JA-20 rotor, at 35,000g for 30 min.

9. Resuspend the pellet in 1 mL NaHCO3 buffer.

3.4. Preparing Split Gap Junctions from Liver Gap Junctions

Gap junctions are isolated as double-membrane plaques of paired connexons.
However, for certain biochemical and structural studies, it is advantageous to
split the two membranes along their extracellular pairings to isolate single
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Fig. 1. Purification schematic of gap junctions from liver membranes obtained using the
detergent protocol. Preparation of split junctions is shown at the bottom (end of protocol).

connexon layers. The splitting procedure is described by Ghoshroy et al. (6) (see
Fig. 1 bottom for a schematic of the procedure). This procedure maintains the
same level of crystallinity in the connexon layers that was present in the double-
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membrane plaques. The combination of urea, EGTA (a chelating agent), and
elevated temperature consistently provides > 70% splitting. Alternative splitting
procedures are described in Zimmer et al. (20) and Milks et al. (21).

1. To 0.1 mL of gap junctions (~0.2– 0.5 µg/mL) purified according to Subhead-
ing 3.1.1., add 0.1 mL of urea solution. Incubate at 37°C for 3 h (see Note 21).

2. Refrigerate at 4°C for 3–5 d.
3. Centrifuge sample at 280,000g for 45 min in a TL-100 centrifuge using a

TLA100.2 rotor.
4. Resuspend sample in 0.1 mL of Tris buffer (see Note 22).

3.5. Assessing Purity of Gap Junction Preparations

The quality of gap junction preparations can be assessed using (1) negative
stain electron microscopy, (2) (sodium dodecyl sulfate-SDS-PAGE), and (3)
Western blotting. Negative staining provides information about the crystallin-
ity and morphology of the preparation while SDS-PAGE and Western blotting
indicate the biochemical purity. Thin-section electron microscopy can also be
used to assay the morphological purity of the preparations (for representative
examples see refs. 6–10, 18, 21–22). See Fig. 2 for negative stain micrographs
of liver gap junctions prepared by (1) the detergent protocol in Subhead-
ing 3.1.1, (2) the alkali protocol in Subheading 3.1.2., and (3) split junctions
as prepared in Subheading 3.4. (see Note 23). Fig. 2D shows an enlargement
of a portion of a gap junction in Fig. 2A showing the crystalline arrangement
of the connexons (magnification is ~6× that of Fig. 2A).

1. Float either a Formwar or carbon film onto water to make support films.
2. Place grids on the film and dry onto a filter paper.
3. Place a 3–5-µL drop of gap junction preparation on the grid and allow to adhere

for 1–2 min.
4. Rinse with ~15 µL of negative stain, for example, a 2% aqueous solution of uranyl

acetate, and place a 3–5 µL drop on top for 1–2 min.
5. Blot the solution with a piece of filter paper (at the side of the electron micro-

scope grid) and allow to dry. Alternatively, a drop of gap junction preparation
can be mixed with a drop of the negative stain and applied to the coated electron
micropscope grid.

6. Allow material to adhere for 1–2 min and then dry with filter paper. Be sure to
blot with filter paper at the side of the grid. Examine in an electron microscope at
magnifications typically in the range of 20–60,000×.

4. Notes
1. In general, protease inhibitors are needed to prevent the proteolytic degradation of

connexins. The two most frequently used for gap junctions are PMSF and DIFP. It
is a good idea to add one of these protease inhibitors to all buffers until the sample
is passed through density gradient centrifugation. A protease inhibitor or a bacte-
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rial growth inhibitor is also generally added to the final solution used for sample
storage. Keeping all solutions and samples at 4°C (except where noted in the proto-
cols) is recommended to decrease any proteolysis and bacterial contamination.

2. Guillotining the rats is recommended to obtain the freshest liver tissue. When
working with a large number of animals, it is best that two people work together,
one to kill the rats, and the other to extract the livers. Rats that are 3–4 wk old
(80–100 g) work best. Older rats can be used, but collagen contamination will
increase and guillotining is also more difficult with older, larger animals.

Fig. 2. Representative electron micrographs of gap junction preparations
from three of the protocols in this chapter. The gap junctions were stained with
uranyl acetate in all of these micrographs. (A) Liver gap junctions purified by
the detergent protocol. (B) Micrograph of liver gap junctions purified by the
alkali procedure. (C) Split gap junctions (single connexon layers) obtained by
a urea treatment described in the text. The arrows point to the folds in the
membrane indicating that these are single membranes. An enlargement of an
area from one of the gap junctions in (A) is shown in (D). Note the “doughnut”
appearance of the intercellular channels and the crystalline lattice. The magni-
fication of (D) is about six times that of (A).
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3. When layering large volumes of sucrose solution on top of another layer, it is
convenient to use an open syringe connected to small-bore tubing. An adjustable
clamp is attached to the tubing to regulate flow rate. In this way, the sucrose
solution can be dribbled down the inner side of the centrifuge tube to avoid mix-
ing of layers. More sucrose solution can be added to the top of the syringe, sup-
ported by a standard stand and clamp, as needed. The amount of solution added
can be monitored with the scale on the syringe.

4. To keep the cost down from using a large number of rats, it may be preferred to use
retired breeders, which are relatively cheap and have larger livers than young rats.

5. An alternative to scissors mincing is a single passage through a Foley food mill.
However, when the food mill is used, the minced tissue should not be rinsed
because material would be lost from the more finely minced sample.

6. The cell breakage can be monitored with a phase-contrast optical microscope.
About 90–95% breakage is optimal.

7. An alternative to the Dounce is a Polytron homogenizer operated at half-maxi-
mum power for 10–30 s.

8. An alternative to using the JCF-Z rotor is: Centrifuge in a JA-10 rotor for 10 min
at ~4,420g with low brake. Aspirate the supernatant and resuspend the pellet in
~30 mL NaHCO3 buffer with two gentle strokes with a Dounce homogenizer.
Repeat centrifugation 2–4 times until the supernatant is relatively clear.

9. If a zonal rotor is not available, an angle rotor in a standard centrifuge can be
used with a prolonged centrifuge time.

10. A zonal rotor can be loaded and unloaded at rest. A reorienting core can be used,
but the procedure works adequately with a standard core.

11. An alternative to using the zonal rotor is: Divide the sample into six bottles for a
JA-10 rotor and overlay with 37% sucrose solution to bottle capacity. Using slow
acceleration, centrifuge at 16,000 overnight (15–17 h). Stop without the brake
and collect the material at the 37% sucrose/sample interface.

12. If fewer rats are used (7–10) modifications to the procedure are simply made by
using proportionately less buffer volume and rotors with smaller capacity, for
example, JA-14 and JA-20.

13. Polysulfone bottles tolerate alkali better than polycarbonate bottles.
14. A similar alkali extraction procedure can be used for the purification of myocar-

dial gap junctions.
15. Buffer volumes can be increased proportionately to allow for the isolation of gap

junctions from a larger number of rats. Rotors with larger capacity may need to
be employed.

16. The concentration of Sarkosyl is critical. With concentrations < 0.3%, partially
purified preparations were obtained. With concentrations of 0.6% the purifica-
tion was high, but the yield was lower.

17. By using a 49% sucrose cushion in the sucrose step gradient, contaminating col-
lagen and other intercellular matrix proteins were pelleted and hence removed
from the sample.

18. By retrieving the junctions at the 35%/49% sucrose interface and not pelleting
them, aggregation of these junctional plaques was minimized.
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19. Place the sonicator tip at the bottom of the tube to minimize foaming. The final
suspension should appear milky and homogeneous.

20. Cells can be stored as a frozen pellet at –70°C for several weeks. Resuspend
pellet in NaHCO3 buffer (20 mL/500 mL) of culture volume.

21. The need for urea indicates that hydrophobic forces are important for holding
two connexons together. Likewise, the need for EGTA suggests that Ca2+ ions
are also important for holding the paired connexons together. Tables 1, 2, and 3
of Ghoshroy et al. (6) show the many conditions attempted to optimize the splitting
procedure. One hundred percent splitting is possible, but only with severe mem-
brane disruption.

22. Split junction preparations are best used as soon as possible after splitting
protocol. While stable at 4°C, the membranes may start to vesiculate after
long storage (> 1 wk).

23. For characterization of the split gap junctions by SDS-PAGE, it is important to
never boil the Cx32 connexons in SDS solution because severe aggregation of
the connexin protein occurs. Instead of boiling, incubate samples just below the
boiling point (~80–90°C). On the other hand, Cx43 connexons (heart) can with-
stand boiling without aggregation of connexin43 occurring.
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Culturing of Mammalian Cells Expressing
Recombinant Connexins and Two-Dimensional
Crystallization of the Isolated Gap Junctions

Mark Yeager and Vinzenz M. Unger

1. Introduction
The overexpression of membrane proteins is not at all routine. The reader is

referred to Grisshammer and Tate (1) for a recent review. Kumar et al (2) have
generated a stably transfected baby hamster kidney (BHK) cell line that can be
induced to express wild type and mutant forms of connexins. Our structural
studies have been focused on a C-terminal truncation mutant of rat heart con-
nexin43 (Cx43) connexin (designated 1Cx-263T [Cx43 truncated after Pro263])
that was expressed in BHK cells under control of the inducible mouse metal-
lothionin promotor (2–4). Freeze–fracture, thin-section, and negative stain
electron microscopy of the BHK cell membranes demonstrated that the recom-
binant protein assembled with the characteristic septalaminar morphology of
gap junctions (2,5). In addition, dye transfer experiments (2,6) demonstrated
that the recombinant gap junctions that assembled in BHK cells were func-
tional. To our knowledge, our analysis of cardiac gap junction channels is the
first example of a polytopic membrane protein that has been expressed in a
heterologous system and examined by structural methods.

Two-dimensional (2D) crystallization of membrane proteins is usually
accomplished by in vitro reconstitution in which detergent-solubilized lipids
are mixed with the detergent-solubilized and purified protein, and the deter-
gent is removed by dialysis (7–9). An alternative to this approach is in situ 2D
crystallization in which the protein is never removed from its native membrane
(10). However, a requirement of this approach is that the protein must already
be fairly concentrated in the membrane or have a tendency to self-associate in
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patches that can be isolated. 2D crystallization is induced using gentle condi-
tions that extract membrane lipids without solubilizing the protein. Although
the level of connexin expression in the BHK cells was quite low, microgram
amounts of protein were sufficient to pursue in situ 2D crystallization experi-
ments because hundreds of channels aggregate in plaques. Extraction with
Tween-20 and 1,2-diheptanoyl-sn-phosphocholine (DHPC) not only improved
the crystallinity of the naturally occurring 2D arrays but also enriched the
preparation by solubilizing nonjunctional proteins.

Detailed here are the protocols for culturing of BHK cells expressing

1Cx263T, isolation of membranes enriched for the recombinant channels, and
in situ 2D crystallization of the gap junction plaques. The techniques that we
used for electron-cryomicroscopy and image analysis of the 2D crystals have
been previously described (10).

2. Materials

2.1. Reagents

1. DMEM: Gibco BRL Dulbecco’s modified eagle medium (high glucose with
pyridoxine-HCl, with 110 mg/L of sodium pyruvate, without L-glutamine, stored
at 2–8°C protected from light).

2. FBS: Gibco BRL fetal bovine serum (qualified, origin: Mexican), heat inacti-
vated, performance tested, mycoplasma tested, virus tested, endotoxin tested
(store at –20°C).

3. PSG: Gibco BRL penicillin–streptomycin–glutamine prepared with 10,000 U/mL
of penicillin G sodium; 10,000 µg/mL of streptomycin sulfate; 29.2 mg/mL of
L-glutamine; 10 mM of sodium citrate in 0.14% NaCl.

4. BHK medium: Add 50 mL of FBS and 5 mL of PSG solution to 500 mL of
DMEM; store at 4°C.

5. MTX: 55 mM Methotrexate (Immunex) in water.
6. 75% Ethanol: Prepared from 95% ethanol by dilution with nanopure water.
7. Detach solution: 10 mM PBS, pH 7.4; Sigma packet (containing 138 mM NaCl,

2.7 mM KCl); 5 mM EDTA.
8. Dimethyl sulfoxide (DMSO): Fisher Molecular Biology Grade.
9. Stock PMSF solution: 70 mg/mL of phenylmethylsulfonyl fluoride (PMSF)

(Calbiochem) in 100% DMSO.
10. Zinc acetate: 100 mM zinc acetate (Fisher) in nanopure water. In the tissue cul-

ture hood, filter the solution through a 0.2-µm filter into a sterile bottle.
11. 4-(2-Hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES) buffer: 10 mM

(Sigma, hemisodium salt), 0.8% NaCl, pH 7.5. PMSF (70 µg/mL) is added
quickly and mixed by vigorous shaking. Because PMSF is hydrolyzable, it should
be added just prior to use. If buffer aliquots are older than 30 min, they are dis-
carded and fresh buffer is prepared.
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12. 49% Sucrose: 49 g of sucrose (Fisher ultracentrifugation grade) dissolved in
HEPES buffer; total volume 100 mL.

13. 28% Tween-20: Sigma (see Note 1).
14. DHPC: Avanti Polar Lipids (Birmingham, AL).
15. KI–sodium thiosulfate: 200 mM Potassium iodide (Sigma) + 2 mM sodium thio-

sulfate (Fisher Chemicals).
16. Gentamycin: 50 µg/mL of gentamycin (GIBCO) in 10 mM HEPES buffer, pH 7.5,

containing 0.8% NaCl.
17. Bleach: Clorox.
18. 5% Sodium dodecyl sulfate (SDS): SDS, electrophoresis grade (Fisher Chemi-

cals, Fair Lawn, NJ).
19. Ion-exchange resin: AG501-X8(D) (Bio-Rad, Richmond, CA).
20. DotMetric protein assay kit (Geno Technology) (see Note 2).
21. Water: Nanopure, deionized.

2.2. Equipment

1. Falcon INTEGRID 15 × 25 cm tissue culture dishes; polystyrene, nonpyrogenic
(treated by vacuum gas plasma to optimize cell adherence).

2. Falcon Blue Max Polypropylene Conical Tubes, 15 and 50 mL (Becton Dickinson).
3. Sterile glass bottles, 250 mL (Pyrex).
4. Fisher disposable serological sterile pipets (2, 10, and 25 mL).
5. Fisher disposable Pasteur pipets, stored in Bellco glass cylinder and sterilized.
6. Plastic columns for chromatography of Tween-20 (Econo-Pac 1.5 × 12 cm

polypropylene chromatography column, Bio-Rad).
7. Lab tissue (Kimwipes).
8. 0.2-µm Syringe filters (Acrodisc PF, Gelman Sciences).
9. Plastic funnel.

10. Fisher Disposable Cell Scraper.
11. 1-mL Polyethylene Disposable Transfer Pipets (Bio-Rad).
12. 2.0-mL Biofreeze Vials (Costar, Cambridge, MA).
13. Eppendorf microcentrifuge tubes, 0.5 and 1.5 mL.
14. Biotech dialysis devices for OMS 102; MW exclusion limit 100,000 Da.
15. Revco ultima CO2 incubator.
16. Revco –20°C freezer.
17. Revco –70°C freezer.
18. Taylor–Wharton 18XT liquid nitrogen dewar.
19. SteriGARD II tissue culture hood (The Baker Company).
20. Zeiss axiovert 25 inverted light microscope.
21. PolyScience water bath.
22. Vortex mixer (MaxiMix Plus, Thermolyne).
23. Magnetic stirring bar (1 cm).
24. Plastic screw-capped bottle (Nalgene, 8 mL).
25. Beckman centrifuges: Refer to the following web site to convert rpms to maxi-

mum relative centrifugal force (maxRCF).
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http://www.beckman-coulter.com/beckman/biorsrch/prodinfo/cntrifug/rotrcalc.asp).
J-30I with JA10 rotor
GS-6KR with GH-3.8 rotor
LE-80K ultracentrifuge with SW28 rotor

26. Heat Systems Sonicator.
27. Kontes Micro-ultrasonic Cell Disrupter.
28. Barnstead Nanopure Infinity water purifier.
29. Drummond Pipet-Aid.
30. pH meter (ATI orion model 550).
31. Ice bucket and styrofoam boats.

3. Methods

3.1. General Tissue Culturing Techniques

1. Prior to working in the tissue culture hood, wash your hands and forearms with
soap, and then spray with 75% ethanol.

2. Before using the hood, turn off the ultraviolet light.
3. Spray the surface of the tissue culture hood and any bottles or equipment that will

be used in the hood with 75% ethanol.
4. Outside the tissue culture hood, pour the waste materials (e.g., used BHK medium)

into a storage bottle (e.g., an empty DMEM bottle) labeled “tissue culture waste.”
When full, add bleach and dispose of the solution down the sink.

5. When you have completed your work, spray the tissue culture hood with 75%
ethanol and wipe with lab tissues.

6. Turn on the ultraviolet light.

3.2. Thawing of Frozen BHK Cell Stocks

1. Warm about 20 mL of water to 37°C.
2. Transfer the cryovial from the liquid nitrogen storage dewar flask to the warm

water for ~30 s.
3. Remove the cryovial from the water and roll it back and forth between your hands

until the solution just starts to thaw.
4. Spray the cryovial with 75% ethanol and place the vial, a tissue culture plate, and

the BHK medium (at 4°C) in the tissue culture hood.
5. Pipet 10 mL of BHK medium at 4°C into the tissue culture plate.
6. Use a 2-mL sterile pipet to transfer the 1.5 mL of thawed cells from the cryovial

into the tissue culture plate containing the cold BHK medium. Swirl the plate to
disperse the cells.

7. Transfer the tissue culture plate to the 37°C incubator for ~1 h.
8. Pipet 20 mL of BHK medium into a 50-mL conical plastic tube and warm to 37°C.
9. Examine the tissue culture plate by phase-contrast light microscopy to assess whether

the cells have attached. Typically, cells that have not attached in 15–20 min are dead.
Cells should never be left in DMSO for more than 1 h.
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10. When the cells have attached, transfer the tissue culture plate to the hood and aspi-
rate the medium (which contains some DMSO in which the cells were frozen).

11. Pour the 20 mL of fresh, warm BHK medium into the tissue culture plate, and
place the plate back in the 37°C incubator.

12. On the day after thawing the cells, examine the tissue culture plate and check that
the cells have recovered from the cold. The cells should have a scalloped rather
than round appearance.

3.3. Methotrexate Selection of BHK Cells

1. The methotrexate (MTX) selection takes 4 d and should be done after thawing a
new batch of cells or about once every month when continuously growing cells.
Because the BHK cells are subcultured every 2 d, the MTX solution is added twice.

2. When the cells have grown to confluence, subculture as detailed in Subheading
3.4. but include 200 µL of MTX in each 20 mL of BHK medium for the final
suspension. It is not necessary to add MTX in the 10-mL of BHK medium
aliquotted for the centrifugation.

3. Incubate the plate for 2 d.
4. Repeat steps 2 and 3.

3.4. Subculturing of BHK Cells and Scaleup from 1–4 Plates
(see Note 3)

1. Cells are grown at 37°C in an atmosphere of 100% relative humidity and 5%
CO2. If the cells are healthy, they are subcultured every other day.

2. Examine the cells by phase-contrast light microscopy and verify that they have
grown to confluence. If so, transfer the plate to the tissue culture hood.

3. Pour 80 mL of BHK medium into two 50-mL conical plastic tubes, at least 10 mL
of BHK medium into another 50-mL conical plastic tube, and 10 mL of detach
solution into a 15-mL plastic conical tube.

4. Heat the solution aliquots to 37°C in a water bath.
5. Once the solutions have reach 37°C, spray the tops of the plastic conical tubes

with 75% ethanol and transfer them into the tissue culture hood.
6. Attach a sterile glass pipet to the tygon tubing in the vacuum aspirator in the

tissue culture hood.
7. Tilt the tissue culture plate to ~30°, lift the lid slightly, and aspirate the medium

from a corner of the plate. Avoid touching the bottom of the plate to minimize
disruption of the cells.

8. Clear the tygon tubing by aspirating ~5 mL of 75% ethanol that has been added to
a 50-mL plastic conical tube.

9. Pour ~10 mL of detach solution into the tissue culture plate, and rotate and rock
the plate to evenly disperse the solution over the cells lining the bottom of the
plate. When the plate is tilted toward you, one can see that light scattering from
the fully attached cells gives the bottom of the plate a semitranslucent gray
appearance. After about a minute, the cells are presumably loosened from
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the bottom of the plate, which increases the light scattering so that the gray
appearance of the plate bottom is even more apparent. If the cells were confluent,
clumps of cells will freely detach after approx 3–5 min.

10. At this point, detachment is facilitated by washing the plate with the detach solu-
tion. Attach a 10-mL sterile plastic pipet to the electronic Drummond Pipet-Aid
and repeatedly aspirate and eject the detach solution over the bottom of the plate.
Be sure to minimize bubbles as you pipet the cells. As the solution is sprayed
over the bottom of the plate, one can see transparent streaks where the cells have
completely detached from the plate. Continue to spray the plate until the bottom
is completely transparent and all the cells are detached.

11. The cells suspended in detach solution are then added to the 50-mL plastic coni-
cal tube containing 40 mL of BHK medium.

12. Centrifugation 1 (228 maxRCF, 1000 rpm, 3 min, room temp, GH-3.8 rotor,
Beckman GS-6KR centrifuge).

13. Decant the supernatant into a plastic conical tube that serves as a waste container
in the sterile hood.

14. Resuspend the pellet with 10 mL of BHK medium by repeated aspiration into and
out of a 10-mL pipet attached to the automatic pipettor.

15. Now transfer the resuspended cells to the remaining 70 mL of BHK medium, to give
a total volume of 80 mL divided between two plastic conical tubes (see Note 3).

16. Place four new tissue culture plates in the hood; pipet 20 mL of the suspended
cells into each plate; if large bubbles form, rotate the plate so the bubbles move to
the perimeter of the medium. The individual cells and cell clumps settle very
quickly. Therefore, when scaling up from a larger number of plates, swirl the
larger volume of medium after every fifth plate (or aspirate a couple of times
with a 20-mL pipet) to keep the cells suspended. If the cells are not uniformly
mixed, the cell density will vary from plate to plate, making it difficult to select a
good time point for induction.

17. Place the tissue culture plates in the 37°C incubator. Check that (1) the medium
in each plate is level, (2) the water pan in the incubator contains water, and (3)
the CO2 tank is not empty.

3.5. Storage of BHK Stocks

1. Detach a confluent layer of tissue culture cells using 10 mL of detach solution
(steps 1–10 in Subheading 3.4.).

2. The cells suspended in detach solution are then added to the plastic conical tube
containing at least ~10 mL of BHK medium.

3. Centrifugation 1 (228 maxRCF, 1000 rpm, 3 min, room temp, GH-3.8 rotor,
Beckman GS-6KR centrifuge).

4. As DMSO is toxic, it should not be added full strength to the cells. Therefore, a 10%
DMSO solution is prepared by dilution with BHK medium (e.g., 0.3 mL of DMSO
and 2.7 mL of BHK medium). The cell pellet is then resuspended in this medium.

5. Immediately pipet 1.5 mL of the suspended cells into each cryovial, tighten the
tops, and chill on ice.
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6. For steps 7–8, transfer the vials to a well-insulated styrofoam container to reduce
the cooling speed.

7. Transfer the styrofoam container with the vials to a –20°C freezer for 3–4 h.
8. Then transfer the container with vials to the –70°C freezer overnight.
9. The vials are then placed in a liquid nitrogen dewar flask for long-term storage.

An optimal cooling rate of ~1°C/min is achieved by placing the vials into the top
space of the flask.

10. Thaw one vial the following day to ensure that the freezing was successful.

3.6. Induction of Connexin Expression (see Chapter 3)

1. Examine the cells by light microscopy and assess the density. When the cells
appear that they will be confluent in a few hours, they are ready for induction.

2. Add 100 µM zinc acetate to a sufficient volume of BHK medium (e.g., 540 mL of
BHK medium for 27 plates will require 540 µL of the 100 mM zinc acetate stock
solution) and heat to 37°C.

3. Transfer all the tissue culture plates and the BHK medium to the hood.
4. Aspirate the medium as in steps 6–8 of Subheading 3.4.
5. Pipet 20 mL of fresh BHK medium containing 100 µM zinc acetate into each plate.
6. Transfer the plates back to the 37°C incubator for 8 h.

3.7. Isolation of Membranes Enriched for Gap Junctions

1. In our experience, gap junctions tend to adhere to glass, so plasticware should be
used throughout the isolation procedure.

2. Place a 500-mL JA10 centrifuge bottle into an ice bucket and insert a funnel.
3. Use a plastic cell scraper to dislodge the cells from the bottom of the plates, and

decant the media with the suspended cells into the JA10 bottle.
4. Centrifugation 1 (2000 maxRCF, 3,362 rpm, 5 min, 4°C, JA10 rotor, Beckman

J-30I centrifuge).
5. Decant the supernatant.
6. Carefully pipet 10 mL of ice-cold HEPES buffer (10 mM HEPES, pH 7.5, 0.8%

NaCl, 70 µg/mL of PMSF) into the JA10 centrifuge bottle so as not to disturb
the pellet.

7. Detach the pellet by swirling the centrifuge bottle.
8. Pour the contents with the intact pellet into a 50-mL plastic conical tube.
9. Vortex-mix the plastic conical tube for ~15 s to break up the pellet.

10. Increase the volume to 50 mL with ice-cold HEPES buffer with 70 µg/mL of PMSF.
11. Centrifugation 2 (228 maxRCF, 1000 rpm, 5 min, 4°C, GH-3.8 rotor, Beckman

GS-6KR centrifuge).
12. Decant the supernatant from the plastic conical tube, and add 5 mL of ice-cold

HEPES buffer containing 140 µg/mL of PMSF to the pellet.
13. Suspend the pellet by vortex mixing.
14. Incubate the plastic conical tube for 5 min on ice.
15. Sonicate the sample 3× for 5 s (Heat Systems Sonicator, output setting 4.5),

waiting 15 s between each burst. Keep the sonicator tip at the bottom of the
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tube to minimize foaming. The final suspension should appear milky and
homogeneous.

16. Examine a drop of the suspension by light microscopy to ensure that cell lysis is
at least 90%. If there are still numerous intact cells, repeat the sonication for 5 s.

17. Transfer the solution to a centrifuge tube for the SW28 ultracentrifuge rotor. Add
35 mL of HEPES buffer with 140 µg/mL of PMSF and tare.

18. Centrifugation 3 (119,910 maxRCF, 25,000 rpm, 45 min, 4°C, SW28 rotor,
Beckman LE-80K ultracentrifuge).

19. Decant the supernatant, add 5 mL of ice-cold HEPES buffer with 70 µg/mL of
PMSF, and resuspend the pellet by repeated aspiration into a plastic pipet.

20. Disperse the pellet by sonication for ~5 s (Heat Systems Sonicator, output setting
4 or less if foaming occurs).

21. Add 30 mL of 49% sucrose in HEPES buffer with 70 µg/mL of PMSF chilled to
4°C to an SW28 ultracentrifuge tube. Carefully pipet the 5 mL of crude mem-
brane homogenate onto the top of the sucrose cushion. Add additional HEPES
buffer with 70 µg/mL of PMSF to fill the tube to within 2 mm of the top (total
volume ~35 mL).

22. Centrifugation 4 (119,910 maxRCF, 25,000 rpm, 45 min, 4°C, SW28 rotor,
Beckman LE-80K ultracentrifuge).

23. Use a plastic pipet to carefully remove material (e.g., solid PMSF) floating on the
top of the tube. Then retrieve the 0/49% interface and transfer it to another SW28
tube. The homogenate should appear milky white.

24. Increase the volume to 35 mL with ice-cold, sucrose-free HEPES buffer with
70 µg/mL of PMSF. Use a plastic pipet to mix the solution to dilute the sucrose in
the aspirated interface.

25. Centrifugation 5 (119,910 maxRCF, 25,000 rpm, 45 min, 4°C, SW28 rotor,
Beckman LE-80K ultracentrifuge).

26. Decant the supernatant, add 1 mL of ice-cold HEPES buffer containing 140 µg/mL
of PMSF, and disrupt the pellet by repeated passage through a plastic Eppendorf
pipet.

27. Homogenize the sample by sonication for a few seconds (Kontes Micro-ultra-
sonic Cell Disrupter, output level 35).

3.8. Enrichment and In Situ 2D Crystallization of Recombinant
Gap Junctions (see Note 4)

1. The protein concentration of the membrane sample is estimated using the
DotMetric assay (Geno Technology) (see Subheading 4.2.).

2. The volume of the suspension is adjusted so that the protein concentration is
1 mg/mL, after addition of the following agents to the final concentrations that
are indicated: 2.8% Tween-20, 200 mM KI, 2 mM sodium thiosulfate, 140 µg/mL
of PMSF, 50 µg/mL of gentamycin in 10 mM HEPES buffer, pH 7.5, containing
0.8% NaCl. Because Tween-20 is contaminated with aldehydes, peroxides, and
free acids, it must first be purified by ion-exchange chromatography immediately
before use (see Subheading 4.1.).
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3. The total sample volume is typically ~4 mL, which is placed in a screw-capped plas-
tic bottle. Add a 1-cm magnetic stirring bar to the bottle and stir at 27°C for 12 h.

4. After a 12-h incubation, add solid DHPC to 13 mg/mL, and stir for an additional
1 h at 27°C.

5. Add 30 mL of 25% sucrose at room temperature (prepared in 10 mM HEPES,
0.8% NaCl, pH 7.5) to an SW28 centrifuge tube, and carefully add the entire
contents on top of the sucrose cushion.

6. Centrifugation 1 (119,910 maxRCF, 25,000 rpm, 1 h, 4°C, SW28 rotor, Beckman
LE-80K ultracentrifuge).

7. Carefully pipet off the detergent solution layer and sucrose so that the detergent
meniscus does not touch the pellet, and wipe the tube clean with a lab tissue to
remove any residual sucrose or detergent.

8. Resuspend the pellet in 600–800 µL of HEPES buffer, and sonicate for a few
seconds as described previously so that the suspension is homogeneous.

9. Transfer the sample to a Bio-Tech International dialysis tube and dialyze for at
least 24 h against 500 mL of the buffer (10 mM HEPES, containing 5 mL of
gentamycin/1 L of buffer) with one change at ~12 h. The membranes tend to
sediment to the bottom of the Bio-Tech tube and cover the dialysis membrane.
With each buffer change, use a pipet to resuspend the membranes in the tube to
facilitate dialysis.

10. Store the suspension at 4°C in a 2 mL screw-capped cyrovial. If, after a few days,
a colored, soaplike film is observed when removing the cap, the membranes have
residual detergent and the crystals will likely degrade within ~4 wk.

4. Notes
1. Purification of Tween-20. The Tween-20 is used at a final concentration of 2.8%.

Prepare 28% Tween-20 by pouring 7 mL of Tween-20 into a plastic conical tube,
bring the total volume to 25 mL with water, and mix well. Take ~10 mL of the
ion-exchange resin and place in a beaker with water to create a slurry. Then set
up a 15-mL column, and fill the column with ~5 mL of water. Pour the resin
slurry into the column in aliquots of ~0.5 mL to create layers of mixed resin. The
total bed volume is about 8–10 mL. Let the column settle, and flush with ~50 mL
of water. Bring the water level to the top of the column. Put ~20 mL of the 28%
Tween-20 on the column and let it flow freely by gravity (to displace free water
from the column), then add the remaining 5 mL of Tween-20 to the column and
control the flow rate at ~ one drop/5 s. Collect a minimum of 1–1.5 mL. The
Tween is stable for about a week after purification; thereafter, it should be
repurified, or a fresh batch should be purified. Alternatively, you can use protein
grade 10% Tween-20 that is already purified by the manufacturer (Calbiochem).
If you expect to reuse this stock solution, it is necessary to flush the tube with
argon to remove air and prevent oxidation.

2. Dot Metric protein assay. Before starting the assay, prepare the “fixer” (9 mL
water and 800 µL of fixing solution A) and “developer” (4 mL water and 800 µL
of developer solution C). Remove a 10-µL aliqout of membrane suspension, add
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10 µL of 5% SDS, and heat this mixture at 38°C for ~15 min.  Now prepare a 5×
and a 10× dilution of the incubated sample in “dilution buffer 1” from the kit. For
each dilution, spot 1 µL twice on the strips, let it dry completely, and then place
in the fixer for 2 min. Now add 25 µL of the “sensitizing solution B” to the same
fixer vial, and let the sample incubate for another 2 min. Transfer the strip to
the developer tube, and let it incubate for ~2–5 min on ice in the dark. Blot the
strips gently on a lab tissue, let them dry sufficiently, and then use the scale in the
kit to estimate the protein concentration in the sample.

3. Comments on scaling up. If the cells are too diluted when they are plated, then
growth will be slow. We have found that for scaling up, a single plate of confluent
cells can usually be isolated and suspended in 80 mL to yield four plates (20 mL per
tissue culture plate). Hence, the scaleup is from 1 to 4 to 16 plates. When scaling up,
the increased volume of BHK medium can be contained in a 250-mL sterile glass
bottle. For subculturing >12 plates, the increased volume of medium can be con-
tained in a 500-mL bottle, conveniently provided by an empty DMEM bottle.

4. An important factor for improving the resolution of the 2D crystals, the molecular
homogeneity of the protein. Liver (11) and cardiac tissue (12) are known to
contain multiple connexin subtypes, which may have contributed to a limiting
resolution of ~15 Å for gap junctions isolated from these tissues (13–15). A spe-
cial advantage of the stably transfected BHK cells is that only a specific connexin
subtype is expressed. Although BHK cells naturally express full-length Cx43,
Western immunoblots showed that the full-length protein was detected only at
low levels in overexposed immunoblots. The C-tail in native cardiac gap junc-
tions is sensitive to proteolysis (15,16). By removing the C-tail in the 1Cx-263T
mutant, the protein was engineered to be more homogeneous. Resolution also
depends on the procedures adopted for 2D crystallization. The variables that were
tested to improve crystallinity included detergent screens (Tween-20, Tween-80,
Tween-85, Cymal), chaotropes (potassium iodide and sodium thiosulfate),
temperature (room temperature and 37°C), and incubation in glycerol. The Tween
detergents were tested on the basis of their success in growing 2D crystals of frog
rhodopsin (17). If the potassium iodide treatment was not included, then the
detergent extraction was not as successful. In addition, potassium iodide could
not be replaced with sodium chloride. Another factor for achieving higher reso-
lution is the electron cryomicroscopy. The thermal and vibrational stability of
cryomicroscopes have certainly improved over the last decade. For the projec-
tion density map (3), a resolution of 7 Å was achieved using a conventional
Philips CM12 electron microscope operating at 100-kV, which was equipped
with a standard Gatan626 cryostage. For the 3D map (4), images of tilted crystals
were recorded using a Philips 200-kV electron microscope equipped with a field
emission gun. The improved stability and coherence of the 200-kV microscope
compared with the CM12 was important for recording high-resolution images
of tilted crystals. Nevertheless, high resolution images could not be recorded
from specimens tilted > 35°. Factors that limit the resolution of images of tilted
crystals include specimen flatness, beam-induced movement, and charging. The
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same 200-kV microscope and cold stage were used to collect higher resolution
images of 2D crystals of AQP1 tilted to ~50° (18). Since the thickness of the
AQP1 and gap junction crystals was ~60 Å and ~150 Å, respectively, we pre-
sume that the inability to record high-resolution images from highly tilted gap
junction crystals was related to the increased thickness of the gap junction speci-
mens. A final point that deserves consideration is the software used for image
processing. The MRC image-processing package developed by R. Henderson and
colleagues (19–21) was used to analyze the images and to correct for lattice dis-
tortions and effects of the contrast transfer function. Although lattice unbending
has previously been used for the analysis of endogenous gap junctions (14,15),
the MRC software has undergone substantial improvements compared with the
earlier program versions. In particular, the program MAKETRAN was used to
calculate a theoretical reference area based on the initial 3D density map of the
structure, which improved the accuracy of the cross correlation and unbending
procedures.

Factors that probably did not significantly affect the improvement in resolu-
tion included the crystal size and specimen purity. The isolated gap junction
plaques were formed by a mosaic of crystalline areas. This mosaicisity as well as
possible curvature of the plaques made it necessary to use areas with only a few
hundred unit cells for image processing. The small size of the crystals was com-
parable to crystals derived from liver and heart tissue. Moreover, the gap junc-
tion preparations were substantially contaminated by nonjunctional membranes
and were probably comparable in purity to crude plasma membrane preparations
derived from liver (22). In the early preparations of the recombinant membranes,
the gap junctions were often obscured in the electron microscope by nonjunctional
membranes deposited on the surface of the crystals. DHPC treatment was par-
ticularly useful for solubilizing nonjunctional membranes. Nevertheless, SDS
gels of the enriched membrane preparations displayed a pattern of bands that was
similar to crude preparations. Even in the enriched specimens, a Coomassie-
stainable band that corresponded to the recombinant gap junction protein was not
detectable. The yield of gap junctions was quite variable from preparation to
preparation. Nevertheless, the crystals were quite reproducible with a variation
in unit cell size of 76–79 Å. These observations suggest that the major limiting
factors in producing crystals was the culturing of the BHK cells and expression
of recombinant protein. In general, if negatively stained specimens showed at
least five crystals per grid square, then frozen-hydrated specimens were prepared.
Because specimens were rarely produced that had more than five crystals per grid
square, the major limiting factors for the cryomicroscopy were the number of
crystals on the grid as well as the difficulty of recording images from tilted crystals.
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Connexins/Connexons

Cell-Free Expression

Matthias M. Falk

1. Introduction
With a few exceptions, all secretory and plasma membrane proteins studied

to date are synthesized in the endoplasmic reticulum (ER) membrane. Then, they
are transported by successive vesicle budding and fusion from the ER through
the Golgi stacks to the plasma membrane following the general intracellular
transport route referred to as secretory pathway (originally reviewed in 1). Gap
junction connexins have been shown to follow this pathway.

A large portion of the current knowledge on the synthesis and translocation
of secretory and transmembrane proteins (reviewed in 2–4) has been obtained
by synthesizing these proteins in a cell-free translation system. In principle,
the system consists of a translation competent cell-lysate supplemented with
ER-derived membrane vesicles referred to as microsomes (5), and a synthetic
protein-encoding RNA. The cell-free translation system has been found to
accurately reproduce the steps involved in translation, translocation, as well as
co- and posttranslational protein modifications that occur in vivo and therefore
has become a standard assay system to study those processes. Because secre-
tory as well as transmembrane proteins were found to use the same transloca-
tion machinery in the ER membrane (3,6,7), the lysate system proved suitable
to study both types of proteins.

Expressing a protein in a cell-free system appears attractive, as protein bio-
synthesis can be studied independently from the complex mechanisms occur-
ring in a living cell. In addition, the system is readily accessible to scientific
manipulations. Other advantages of this method include speed, a relative ease
to interpret results because only one or a small number of known RNA species
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are present and will be translated, simple detection of the synthesized radiola-
beled proteins on sodium dodecyl sulfate (SDS)-polyacrylamide gels, no
detectable endogenous protease activity, and a wide range of co- and post-
translational protein modifications, as the system is derived from eukaryotic
cells. The system, however, is not suitable for the production of large quanti-
ties of protein. Yields of protein obtained with this method will be only in the
picomole range. In addition, the standard cell-free translation system will not
allow the study of processes occurring in intracellular compartments down-
stream of the ER, although a modification of the method has been described in
which the microsomal vesicles are replaced by detergent-permeabilized whole
cells (8). Transport through the Golgi apparatus, as well as insertion into the
plasma membrane, was observed in this modified system.

In this chapter, the synthesis and membrane integration of proteins into micro-
somes is described first, with special emphasis on connexins. Second, posttransla-
tional protein assays are described that allow differentiation between cytoplasmic,
transmembrane, and secretory proteins, and allow detection of posttranslational modi-
fications such as signal peptide processing and core glycosylation. Third, methods
are described to analyze potential oligomerization of the newly synthesized proteins,
and finally protein detection methods are discussed.

Another description of these methods, with special emphasis on the analysis
of homo- as well as hetero-oligomerization, and the characterization of
connexin-specific assembly signals, has been published recently (9).

2. Materials
2.1. Reagents

1. Reagents required for molecular biology, including restriction endonucleases,
modifying enzymes, plasmids, connexin cDNAs, and in vitro transcription vectors.

2.1.1. In Vitro Transcription

1. Transcription kit containing 5× transcription buffer, 0.1 M DL-dithiothreitol
(DTT), ribonucleotide trisphosphates (rNTPs), acetylated bovine serum albumin
(BSA), and control DNA (Promega).

2. Sterile, high-quality deionized water.
3. RNase inhibitor such as RNasin (Promega).
4. SP6, T3, and/or T7 RNA polymerase (Promega).
5. DNA grade agarose for agarose gel electrophoresis.
6. Ethidium bromide.

2.1.2. In Vitro Translation/Membrane Integration

1. Reticulocyte lysate or wheat germ extract, including amino acid mixture minus
methionine, or cysteine, and control RNA (Promega).
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2. Canine pancreatic rough microsomes (Promega).
3. Isotopes: This example uses high-quality [35S]methionine (SJ1515, Amersham).

2.1.3. Reagents for Posttranslational Assays

1. Buffer 1 for microsomal membrane pelleting: 150 mM K-acetate (KOAc), 50 mM
triethanolamine (TEA)-acetic acid, pH 7.0, and 2.5 mM Mg-acetate (MgOAc).

2. 1 M NaOH for alkali extraction.
3. Sucrose for gradients.
4. 1 M CaCl2 to stabilize microsomes.
5. Protease K or trypsin (Boehringer Mannheim).
6. Appropriate protease inhibitors such as diisopropyl fluorophosphate (DFP) or

phenylmethylsulfonyl fluoride (PMSF) (both from Sigma). Caution: DFP is
highly toxic and should be used only under a chemical hood. However, it is
approx 10 times more efficient than PMSF and therefore preferable.

7. Detergents such as Triton X-100 (TX-100), Nonidet P-40 (NP-40), deoxycholate
(DOC), and SDS.

8. Buffer 2 for membrane lysis: 150 mM NaCl, 1% NP-40, 0.5% DOC, 50 mM Tris,
pH 7.5.

9. Endoglycosidase F or H (Boehringer Mannheim).
10. 1 × PBS.
11. Linear 5–20% sucrose gradients containing 150 mM NaCl, 50 mM Tris, pH 7.6;

and the respective detergent used for solubilization.
12. Scintillation fluid for aqueous solutions.
13. Standard proteins with known sedimentation coefficient (S values) such as myo-

globin, 2S; ovalbumin, 3.5S; BSA, 4.3S; catalase, 11.5S.
14. Connexin-specific antibodies (Zymed Laboratories).
15. Immunoprecipitation buffer containing 150 mM NaCl, 50 mM Tris, pH 7.6, and

either no detergent, nonionic detergent such as TX-100, or ionic detergent (SDS),
respectively.

16. Protein A–sepharose beads (Pharmacia).
17. 10% and 12.5% standard SDS Laemmli acrylamide gels. Caution: Acrylamide

is a cumulative neurotoxin. It is recommended that gloves be worn whenever it is
handled.

18. Protein sample buffer containing 3% SDS, 0.5% -mercaptoethanol.
19. Mixture of prestained SDS gel marker proteins (Bio-Rad).
20. 1 M sodium salicylate (Sigma).

2.2. Equipment

1. Adjustable heating block or bath.
2. Agarose gel apparatus.
3. Micropipets and 0.5- and 1.5-mL microcentrifuge tubes. Tips and tubes must be

autoclaved.
4. Airfuge or tabletop ultracentrifuge (both from Beckman Instruments).
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5. Ultracentrifuge and SW55Ti rotor, or equivalent.
6. Refractometer.
7. Liquid scintillation counter.
8. Laboratory rocker or shaker.
9. SDS-PAGE apparatus such as Bio-Rad Mini Protean II.

10. Equipment to dry SDS-polyacrylamide gel electrophoresis (PAGE) gels.
11. X-ray film, X-ray cassettes including intensifying screens.
12. Densitometer.

3. Methods
3.1. Connexin Protein Synthesis and Membrane Integration

Cell-free translation systems consist of a translation competent cell lysate,
containing ribosomes, precursor tRNAs, an energy generating system, factors
involved in the translation process, a mixture of unlabeled amino acids except
in general methionine, and radioactively labeled methionine for protein detec-
tion. On addition of a synthetic RNA that encodes a protein, the RNA will be
translated into protein. If the RNA encodes a secretory or transmembrane
protein and the lysate is supplemented with microsomes (see Subheading
3.1.3.) the protein will cotranslationally translocate into the microsomes. The
lysate can then be electrophoresed on an SDS polyacrylamide gel and the
translated proteins can be visualized by autoradiography using X-ray film or a
phosphor imager system (see Fig. 1).

3.1.1. In Vitro Transcription

Before a desired protein can be translated a synthetic RNA transcript has to
be synthesized. Several vectors are commercially available that have an SP6,
T7, or T3 bacteriophage promoter cloned upstream of a multiple cloning site
suitable for inserting the cDNA encoding the desired protein. These bacterioph-
age promoters are highly specific for their RNA polymerases. Therefore, even
cDNAs encoding proteins that are toxic for E. coli can be cloned and amplified
in these vectors. All three bacteriophage RNA polymerases are commercially
available in very good qualities (also as complete transcription kits) allowing
efficient synthesis of transcripts of up to 5–10 kb in length (10–12) (see Note 1).

Synthetic RNAs can be synthesized as capped, as well as uncapped RNAs.
While capping is required for transfection of mammalian cells (13), uncapped
RNAs will be translated efficiently in the lysate system. A somewhat higher
translation efficiency of capped RNAs is in general compensated by the more
efficient synthesis of uncapped RNAs. Poly(A) tails are also not required for
efficient translation in lysate systems.

1. Although the vectors contain a transcription termination signal downstream of
the cloning site, linearization of the plasmid downstream of the inserted cDNA is
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desirable and substantially increases the yield of RNA copies. Standard proce-
dures for synthetic RNA synthesis are supplied in Promega Biotech’s Technical
Manual “Transcription in vitro Systems” (part no. TM016).

2. A typical transcription reaction used for the synthesis of connexin cRNAs (14–16)
is as follows (see Note 2):

10 µL of 5× transcription buffer
5 µL of 0.1 M DTT

10 µL of 2.5 mM rNTPs
1 µL of 1 mg/mL of acetylated BSA

1 U/µL of transcription volume RNasin
0.3 U/µL of transcription volume SP6-polymerase
0.1–1 µg of linearized plasmid DNA
Water to 50 µL

3. Mix at room temperature and incubate at least 1 h at 40°C.
4. If the synthetic RNA is to be synthesized with a 5' CAP structure, only the concentra-

tion of rGTP is decreased fivefold, and 1 µL of 1 mM CAP analog (m7G[5']ppp[5']G)
(Pharmacia) is added to the transcription protocol given previously.

5. Synthesized RNAs can be used without further purification in following translation
reactions. However, if additional background bands appear on the gels, phenol–

Fig. 1. Schematic representation of the components of a cell-free translation system
and of the steps involved in a cell-free translation reaction. Secretory and transmem-
brane proteins can be expressed and cotranslationally translocated across and into
membranes when the lysate system is supplemented with endoplasmic reticulum
derived membrane vesicles (microsomes) (A). Secretory and transmembrane proteins
will be co- and posttranslationally modified inside the microsomes (B). Modifications
include signal peptidase (SPase)-mediated cleavage of N-terminal signal peptides (I),
core glycosylation (II), and disulfide bridge formation (III). Polypeptide modifica-
tions I and II, leading to an increased (I), or decreased (II) mobility on SDS protein
gels, can readily be detected by SDS-PAGE and autoradiography (C).
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chloroform purification, followed by ethanol precipitation (17) is recommended
(see Note 3).

6. Efficiency of RNA synthesis, and quality of the RNA transcripts can be checked
by electrophoresing a small aliquot (1–2 µL) on a freshly prepared standard aga-
rose gel prepared with TAE or Tris/Borate/EDTA (TBE) buffer. To recognize
the newly synthesized RNA on the gel and to avoid confusion with the linearized
DNA that was used as a template and is also present in the transcription reaction,
a lane containing linearized plasmid alone should be electrophoresed as a control
in parallel as well.

7. RNA can be visualized by standard ethidium bromide staining (17) (see Note 4).

3.1.2. In Vitro Translation

Two types of translation-competent cell lysates are commercially available.
Both lysates are prepared from cells highly active in protein biosynthesis.
Reticulocyte lysate is prepared from the red blood cells of rabbits that have
been injected with phenylhydrazine to destroy their mature red blood cells, and
wheat germ extract is prepared from sprouting wheat seeds. Both extracts are
depleted of endogenous RNAs and produce only minimal amounts of endogenous
proteins. However, it is always advisable to run a control translation reaction
without adding any synthetic RNA with each new batch of lysate. Translation
in wheat germ lysates is sensitive to the concentration of potassium and magne-
sium ions and their concentration has to be optimized for each RNA. For
most RNAs optimal potassium ion concentrations range from 120–160 mM,
and optimal magnesium ion concentrations range from 1.5 to 4 mM. Although
both lysates can be prepared in the laboratory (18,19), best connexin translation
results have been obtained with Promega Biotech’s nuclease-treated Rabbit Reticu-
locyte Lysate System. Protocols for standard translation reactions are provided
in the Promega Biotech Technical Manuals “Rabbit Reticulocyte Lysate
System” (part no. TM232), and “Wheat Germ Extract” (part no. TM230). A
standard protocol for connexin translation is given in Subsection 3.1.3.

3.1.3. Membrane Protein Translocation

Secretory as well as transmembrane proteins in general are cotranslationally
translocated into the membrane of the ER. Several protocols have been devel-
oped to prepare ER membrane-derived vesicles (microsomes) from cells highly
active in protein secretion. Most common, and the source of commercially
available microsomes (e.g., Promega Biotech), are microsomes prepared from
the acinar cells of canine pancreas (see Note 5). This organ is low in RNase
concentration, soft in texture, and the secretory acinar cells are very rich in
rough ER membranes. The microsomes are depleted of endogenous RNAs and
give only few background bands. However, it is always advisable to run a con-
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trol translocation reaction without adding any synthetic RNA with each new
batch of microsomes (see Note 6).

The microsomes are patches of rough ER membranes that vesiculate upon
their isolation (see Fig. 2). The microsomes have been described to contain all
the components required for cotranslational protein translocation, including
signal recognition particle (SRP), ribosomes, energy supplying molecules, and
other factors (see Note 7). Furthermore, the microsomes have signal peptidase
(20), and core glycosylation activity (21). N-terminal signal peptides will be
cleaved from secretory and certain transmembrane proteins, and certain aspar-
agine residues located in the lumen of the microsomes can be glycosylated. In
Fig. 3, the expected translation products of a secretory (A), a transmembrane pro-
tein with an N-terminal cleavable signal sequence (B), a transmembrane pro-
tein without cleavable signal sequence (C), an N-glycosylated membrane
protein without cleavable signal sequence (D), and a cytoplasmic protein (E)
are schematically shown. A translation reaction in the presence of microsomes

Fig. 2. Electron micrograph of negatively stained microsomal vesicles prepared
from the endoplasmic reticulum of canine pancreatic acinar cells. Such microsomes
are competent to cotranslationally translocate secretory and membrane proteins. Note
that each microsomal vesicle has many ribosomes bound to its surface, indicating that
each vesicle has multiple protein insertion sites. This is a prerequisite for the assembly
of an oligomeric connexon within microsomes. Scale bar = 500 nm.
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(shown in Fig. 3, lanes 2, 6, 10, 14, and 18) should always be accompanied by
a parallel translation reaction in the absence of microsomes (shown in Fig. 3,
lanes 1, 5, 9, 13, and 17) to indicate the electrophoretic mobility of unmodi-
fied, full-length polypeptides.

Fig. 3. Schematic representation of the protein band patterns expected for different
types of proteins after translating these proteins in translation competent cell lysates
supplemented with microsomes, SDS-PAGE, and autoradiography. The expected
translation products of a secretory protein (A), a transmembrane protein with an
N-terminal cleavable signal peptide (B), a transmembrane protein without cleavable
signal peptide (C), a core glycosylated membrane protein without cleavable signal
peptide (D), and a cytoplasmic protein (E) are shown. For each protein type the trans-
lation products generated in the absence (–) (lanes 1) and in the presence of (+) micro-
somes (lanes 2) are shown on each gel. Furthermore, polypeptide domains located
inside the microsomes and protected from proteolytic degradation are shown after
addition of protease to the lysate when translation is completed (lanes 3), and addition
of protease in combination with detergent (lanes 4). Full-length, unmodified polypep-
tides are generated in the absence of microsomes (lanes 1). Secretory and transmem-
brane proteins encoding a signal sequence can be recognized by their increased
electrophoretic mobility on SDS protein gels when translated in the presence of micro-
somes (lanes 2, gels A and B). Proteins not encoding a cleavable signal sequence
migrate unaltered (gel C). Core glycosylated proteins can be recognized by their
decreased mobility (gel D). Note that in a core glycosylated protein encoding a signal
peptide, increase and decrease in electrophoretic mobility will interfere. In addition,
deglycosylation is necessary to correctly recognize this protein type (see Fig. 7). Mem-
brane-translocated proteins (gels A–D) can be distinguished from non-translocated
proteins (gel E) by the generation of protease-protected polypeptide portions (lanes 3,
gels A–D). Protected portions are degraded when the microsomal membrane seal is
resolved by the addition of detergent (lanes 4, gels A–D).
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1. Standard connexin translation reactions are 10–25 µL in volume and mixed as
follows:

25 µL of reticulocyte lysate
2.5 µL of amino acid mixture minus methionine
2.5 µL of [35S]methionine (15 µCi/µL) (see Note 8)

0.5–2 µg of synthetic RNA
water to 47.5 µL

2. Divide into two aliquots of 25 and 22.5 µL volume.
3. Add 2.5 µL (corresponding to 1 Eq/10 µL reaction volume) of microsomes to the

smaller sample.
4. Incubate at 30–37°C for 30–60 min (see Note 9).

3.1.4. Increasing Translation Efficiency

A problem sometimes encountered with soluble as well as membrane pro-
teins is that the synthetic RNA encoding the desired protein is not translated
efficiently in translation-competent cell lysates. This was also found for
connexin polypeptides, and may be related to the length of the 5' untranslated
region, the structure of the translation initiation sequence adjacent to the trans-
lation Start-AUG (22), or the absence of required factors. Optimization of the
translation initiation sequence by site directed mutagenesis as well as adding
subcellular fractions can improve translation efficiency. However, connexin
translation efficiency was not substantially increased by these approaches
(M. Falk, unpublished data).

Another approach is based on cloning the 5' untranslated region of an effi-
ciently translated protein, such as globin, upstream of the cloned cDNA. Clon-
ing the connexin cDNAs into the transcription vector pSP64T (23) that encodes
the 5' noncoding region of Xenopus -globin (24) immediately downstream of
an SP6 promoter was found to dramatically increase the translation efficiency
of the connexins as well as other cDNAs (14–16,25) (Fig. 4). An advanced
version of pSP64T, pSPUTK is commercially available from Stratagene.
Reducing the length of the 5' untranslated portion of the desired cDNA may
further increase translation efficiency to prevent scanning ribosomes from
unspecifically falling off the template cDNA.

Another approach to enhance translation efficiency is based on using the
CAP independent translation initiation sequences (IRES = Internal Ribosomal
Entry Site elements; or CITE = CAP-Independent Translation Enhancer) from
picornaviruses (see ref. 26 for review). Several vectors using these sequences,
such as Novagen’s pCITE-1, are commercially available. In general it is advis-
able to ensure that no AUG codon in any of the three possible reading frames is
encoded in the 5' untranslated region upstream of the Start-AUG to prevent
ribosomes scanning along the cDNA from initiating at wrong, upstream AUG
codons.
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3.1.5. Synthesis of Full-Length, Membrane Integrated Connexins
in Cell-Free Translation Systems

We found that the translation of connexin polypeptides in standard cell-free
translation systems supplemented with ER-derived microsomes resulted in a
complete but inappropriate proteolytic processing that affected all connexin

Fig. 4. Increasing translation efficiency of connexins in cell-free translation sys-
tems. 1Cx43 and 1Cx32 cDNAs were cloned into standard transcription vectors
(lanes 1, 3), and into the transcription vector pSP64T (lanes 2, 4) that contains the 5'
noncoding region of Xenopus -globin as a translation enhancer upstream of the
cDNA. cDNAs were transcribed and translated in rabbit reticulocyte lysates in the
absence of microsomes. In each lane 0.5 µL of translation reaction was analyzed on
SDS-polyacrylamide gels and translation products were visualized by autoradiogra-
phy. Note the dramatically increased translation efficiency of transcripts containing
the translation enhancer sequence (lanes 2, 4 vs 1, 3). Additional bands detectable on
the gels represent aggregates of translation products, and translation products initiated
at AUG codons located downstream from the connexin authentic initiation codons,
and were generated mostly due to nonoptimized conditions. Gels were purposely over-
exposed to visualize these products. (Compare Fig. 5 for connexin-expression profiles
obtained after optimizing translation conditions.) Substantially increasing the transla-
tion efficiency of connexins allowed the subsequent synthesis and assembly of oligo-
meric connexons in cell-free translation systems, and to analyze the assembly behavior
of different connexin isotypes.
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polypeptides upon their membrane integration (reported in 14,16) (see Fig. 5).
A careful analysis of the cleavage reaction revealed that the relatively weak
hydrophobic character of the first transmembrane spanning domain, which acts
as internal signal anchor sequence, is responsible for this inappropriate cleavage.
Our results indicate that the connexin signal anchor sequence is aberrantly rec-
ognized and positioned as a cleavable signal peptide within the endoplasmic
reticulum translocon, and that this mispositioning enabled signal peptidase to
access the cleavage sites (16). These observations provide direct evidence for
the involvement of yet uncharacterized cellular factors in the membrane inte-
gration process of connexins that are absent or inactive in the standard cell-free
translation system (14,16).

Fig. 5. Synthesis of cleaved and full-length membrane-integrated connexins. Trans-
lation of connexins in cell-free translation systems supplemented with pancreatic
microsomes results in a complete, aberrant processing by the ER resident protease
signal peptidase that removes an N-terminal portion including the N-terminal domain,
and the first transmembrane spanning domain of connexins (lane 2). In the absence of
microsomes no cleavage occurs (lane 1). The cleaved connexins pellet (p) together
with the microsomes (lane 4), while the full-length connexins stay in the soluble lysate
fraction (s) (lane 3). This result indicates that all membrane-integrated connexin
polypeptides are cleaved; and that the full-length connexins also synthesized in the
presence of microsomes (lane 2) are synthesized on nonmembrane bound ribosomes,
and have failed to insert cotranslationally into the microsomal membranes. Full-length,
glycosylated, and membrane integrated connexins were synthesized when an
N-glycosylation site was introduced into the first extracellular loop (L56S amino acid
exchange) (lane 6). Endoglycosidase H (endoH) removes the carbohydrate sidechain.
The electrophoretic mobility of the deglycosylated polypeptides corresponds to
the mobility of full-length connexins (lane 7). Full-length, membrane-integrated
connexins are also synthesized when the length and hydrophobicity of the first trans-
membrane spanning domain is increased (R32L + 3L amino acid exchange) (lane 9).
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Two different methods have been found that prevent the cleavage and allow
the efficient synthesis of full-length, correctly integrated connexin polypep-
tides into microsomes. Single amino acid exchanges, introduced by site-
directed mutagenesis into the first extracellular loops of 1Cx43, 1Cx32, as
well as 2Cx26 (Glu57 to Ser in 1Cx43, Leu56 to Ser in 1Cx32, and Leu54 to
Ser in 2Cx26), completely inhibited the cleavage reaction, most likely because
of a steric hindrance between oligosaccharyl transferase (OST), the enzyme
that recognizes the core glycosylation sequence and transfers core glycosyl
groups from dolichol onto asparagine (see Subheading 3.2.3.), and signal pep-
tidase (15,16, M. Falk, unpublished results). The point mutations result in the
creation of core glycosylation sites within the connexin sequences and the bind-
ing of OST to the nascent connexin polypeptides (see Subheading 3.2.3.).
However, core glycosyl groups were added only to Cx32, and Cx26 polypep-
tides during translation, and not to the Cx43 sequence (15,16, M. Falk, unpub-
lished results).

The other method is based on increasing the hydrophobic character of the
signal anchor sequence (the first transmembrane spanning domain) of connexins.
Increasing the length of the hydrophobic core of the first transmembrane span-
ning domain in Cx32 from 18 amino acids (Val23 to Ala40) in the wild-type
protein to 21 amino acids and exchanging the central Arg32 with an uncharged
amino acid (leucine) completely abolished the cleavage as well (Fig. 7 in ref. 16).

3.1.6. Combined Transcription/Translation Systems

A few years ago combined transcription/translation systems were introduced
that synthesize protein from an added cDNA in one step. These systems (e.g.,
TNT lysate from Promega) were primarily designed to test if a cloned cDNA
or open reading frame produced a protein with the expected molecular weight.
Such systems are probably better not used for the integration of connexins into
microsomes because the combination of different reactions into one vial may
complicate the interpretation of results, and may generate less clean translation
reactions.

3.2. Assaying for Membrane Integration and Transmembrane
Orientation

After translation of a membrane protein is completed its membrane integra-
tion can be analyzed. Great care should be taken in the interpretation of results
that indicate potential membrane integration. This is especially true for mem-
brane proteins that are normally not modified during or after their membrane
integration by signal peptide cleavage, or core glycosylation. Electrophoretic
mobility of such proteins will remain unaltered (see Fig. 3). Three methods
(see Subheadings 3.2.1.–3.2.3.) are commonly used to determine membrane
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translocation that produce more or less convincing results. For polytopic mem-
brane proteins with extended hydrophobic regions such as the connexins, a
combination of different methods is generally required to obtain convincing
results. We have used all three methods with connexins (14,16).

3.2.1. Alkali Extraction

This method is based on the perforation of membranes at alkaline pH. When
microsomes are exposed to alkaline pH after a completed translation reaction,
a secretory protein, translocated into the lumen of the microsomes, would be
extracted from the microsomes, while a transmembrane protein would still remain
with the microsomal membranes. In control experiments, microsomes treated at
neutral pH are assayed. Furthermore, it is important to assay well-characterized
transmembrane, secretory, and cytoplasmic control proteins in parallel for a
valid interpretation of results (see ref. 14). This is especially important for
proteins with extended hydrophobic regions, such as the connexins, as they
tend to adhere strongly to hydrophobic surfaces. Therefore, it can be difficult
to determine if a protein is indeed translocated into the membranes, or only
adhered to the microsomal membrane surface (see Note 10).

We have used a modification of the original method described by Gilmore
and Blobel (27) with connexins. Alkali-treated and control microsomes were
pelleted after treatment with an Airfuge ultracentrifuge (Beckman Instruments,
Palo Alto, CA). This centrifuge is very well suited for the small volume trans-
lation reactions. The standard A-100/18 rotor holds six tubes with a maximum
capacity of 175 µL each. Alternatively, a tabletop microcentrifuge for
Eppendorf tubes or a Beckman TL-100 tabletop ultracentrifuge can be used,
although centrifugation times have to be extended substantially.

1. Following translation, 15 µL translocation reaction aliquots are adjusted to 50 µL
volume with buffer 1. For alkali extractions, aliquots are adjusted to pH 11.5
with 1 M NaOH, and adjusted to 50 µL volume.

2. Samples are incubated on ice for 10 min, overlaid onto a 100 µL cushion of 0.5 M
sucrose in buffer 1 or a 100 µL cushion of 0.2 M sucrose in 30 mM HEPES
adjusted to pH 11.5, 150 mM KOAc, 2.5 mM MgOAc, and fractionated into a
supernatant and pellet fraction.

3. Proteins in the supernatant fractions are then precipitated with trichloroacetic
acid (TCA) and neutralized with saturated Tris base, before processing for
SDS-PAGE.

At neutral as well as alkaline pH, membrane-integrated connexin polypep-
tides remain predominantly associated with the microsomal membranes and are
detected in the pellet fraction. A similar result is obtained with the transmem-
brane control protein acetylcholine receptor subunit 7, while the secretory con-
trol proteins prolactin and yeast -factor were largely extracted from the
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microsomal membranes at alkaline pH and were detected in the supernatant frac-
tions (see Fig. 4 in ref. 14, and Fig. 6).

3.2.2. Protease Protection Assays

Translocation of many transmembrane proteins can be assayed better using
a protease protection assay. Microsomes are incubated with externally added
protease after translation is completed. Domains of a membrane integrated
polypeptide protruding from the outside surface of the microsomes will be
digested, while transmembrane domains, and domains located in the lumen of
the microsomes are protected from proteolytic degradation (see Fig. 3, lanes 3,
7, 11, and 15). In control, detergent is added to an aliquot of the translocation
reaction prior to addition of protease that resolves the vesicle barrier (see Fig. 3,
lanes 4, 8, 12, and 16). After the digest is completed protected polypeptide
domains can be characterized by immunoprecipitation analysis using domain-
specific antipeptide antibodies (ref. 14, and Subheading 3.3.2.).

The following method has been used to determine membrane integration
and transmembrane orientation of connexin polypeptides integrated into
micorosomal vesicles:

Fig. 6. Assaying for protein membrane integration. Schematic representation of the
protein band patterns expected for transmembrane, and secretory proteins after incu-
bating the microsomes at neutral and alkaline pH. At neutral as well as alkaline pH,
membrane-integrated connexin polypeptides remained associated with the microso-
mal membranes and were detected in the pellet fraction (p) (lanes 2 and 4). Full-length,
not membrane integrated connexins were detected in the soluble supernatant fraction
(s) (lanes 1 and 3). A similar result was obtained with the glycosylated, transmem-
brane control protein acetylcholine receptor subunit 7 (AchR 7) (lanes 5–8), while
the secretory control proteins prolactin and yeast -factor were extracted from the
microsomal membranes at alkaline pH and were detected in the supernatant fractions
(lanes 10, 14, and 12, 16).
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1. 10 µL Aliquots of the connexin translocation reactions are diluted to 50 µL in
buffer 1 (see Subheading 3.2.1.).

2. To increase the seal of the vesicles, microsomes are stabilized by the addition of
CaCl2 to a final concentration of 10 mM and incubated for 10 min on ice.

3. Either water or proteinase K (predigested for 30 min at 30°C) is added to final
concentrations of 0.1 mg/mL and 0.5 mg/mL, or trypsin (predigested in the same
way) is added to final concentrations of 0.5 mg/mL and 1 mg/mL from 10× stock
solutions in water, respectively. In addition, where indicated, NP-40 is added to a
final concentration of 1% from a 10% (w/v) stock in water. All digests are incu-
bated for 1 h at 37°C (see Note 11).

4. Protease activity is blocked by the addition of 5 mM DFP, 1% SDS (final concen-
trations) and boiling for 5 min, following the method described by Chavez and
Hall (28) (see Note 12).

5. Samples are then diluted 10× with buffer, chilled on ice, and processed for
immunoprecipitation analysis, as described in Subheading 3.3.2.

6. Immunoprecipitated polypeptide fragments (see Note 13) are analyzed on spe-
cial 20% SDS-gels allowing the resolution of small polypeptide fragments (29)
(see Fig. 3).

3.2.3. N-Glycosylation Tagging

Probably the most convincing method to determine the integration of a pro-
tein into the membrane bilayer, which in addition allows determination of the
overall transmembrane topology of a membrane protein, is to introduce core
glycosylation sites into the polypeptide sequence. This approach is based on
the activity of oligosaccharyl transferase (OST) that is present in the lumen of
the ER and within microsomes. The enzyme transfers mannose-rich carbohy-
drate moieties onto asparagine residues that are part of N-glycosylation con-
sensus sequences (Asp/X/Ser or Thr) (30). Since glycosylation can occur only
at sites located at the lumenal face of the ER (or the microsomes), glycosylation
at any given site can be taken as proof of the ER lumenal localization (which
coincides with the extracellular face) of that polypeptide domain. Each core
glycosylation group added to the polypeptide chain increases its molecular
mass by ~2.5 kDa. The accompanying reduction in electrophoretic mobility on
SDS-polyacrylamide gels is generally large enough to be readily visible with
proteins up to ~70 kDa in size.

We have used this method to demonstrate a cotranslational membrane inte-
gration of 1Cx43, 1Cx32, and 2Cx26 into microsomes, and that the trans-
membrane topology of connexin polypeptides integrated into microsomes is
identical to their topology in the plasma membrane (16, M. Falk, unpublished
results).

N-Glycosylation consensus sequences were introduced into the extracellu-
lar loops E1 and E2, and into the intracellular loop of 1Cx43, 1Cx32, and
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2Cx26 by substituting specific amino acid residues using site directed mutagen-
esis (15,16, M. Falk, unpublished results). Whereas the mutants with the consen-
sus sites in the extracellular loop E1 or E2 were efficiently glycosylated after
cell-free translation in the presence of microsomes resulting in a reduced mobility
on SDS-polyacrylamide gels, the mutants with the consensus sites in the intrac-
ellular loop were not glycosylated. In control aliquots, endogly-cosidase H
(endoH) digestion was used to remove the carbohydrate side chains. Electro-
phoretic mobility was shifted back to the electrophoretic mobility of wild-type
connexin proteins (see Fig. 1 in ref. 15, Fig. 2B in ref. 16, and Fig. 5, lanes 5–7).

3.3. Synthesis of Oligomeric Connexons in Microsomes

It was commonly thought that the oligomerization of membrane proteins
does not occur in cell-free translation/membrane integration systems owing to
the low probability for multiple polypeptide insertions into a microsomal
vesicle (31). However, micrographs of thin-sectioned microsomes showed that
each microsomal vesicle has many ribosomes bound to its membrane surface
(Fig. 2), indicating that each vesicle has multiple protein insertion sites, and as
such would potentially allow the integration of several polypeptides into
the same vesicle. Later, functional expression and assembly of a Shaker type
K+-channel (Shaker H4, an oligomeric structure consisting of four identical
copies of a protein traversing the membrane bilayer six times) (32), assembly
of a human HLA–DR histocompatibility molecule (an / / -heterotrimer)
(33,34), and assembly of the asialoglycoprotein receptor (an / hetero-oligomer)
(35), although probably not into a functional receptor molecule (36), were reported
to occur during cell-free expression in microsomes. These observations, com-
bined with the expression of gap junction connexons reported in Falk et al.
(15), provide compelling evidence that the assembly of functional membrane
structures consisting of several subunit proteins can take place in microsomes,
and that the cell-free translation system can be used to study protein oligomer-
ization processes.

Substantially increasing the translation efficiency of connexins in lysates
(see Subsection 3.1.4.) was a crucial prerequisite to achieve multiple connexin
polypeptide insertions into individual microsomes and the successful assem-
bly into connexons within microsomes. Furthermore, the increased translation
efficiency allowed subsequent analysis of the assembly behavior of connexin
isotypes, and determination of assembly signals within the connexin polypep-
tide sequences (15,37,38, M. Falk, unpublished results).

Translation and oligomeric assembly analysis conditions are as follows (see
also ref. 15):

1. Translation reactions are generally 50–100 µL in volume for subsequent hydro-
dynamic oligomerization analysis. Volumes of 10–25 µL were used for the
assembly analysis of connexins by immunoprecipitation.
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2. To maximize translation efficiency, rabbit reticulocyte lysates are programmed with
large amounts of the appropriate cRNA (typically 2–4 µg of RNA, as estimated
from an ethidium bromide stained agarose gel, per 100 µL reaction volume).

3. To maximize connexin polypeptide membrane integration, low amounts of micro-
somes are used in the translation reactions. Typical concentrations are 5 Eq/100 µL
reaction volume.

4. Translation reactions are incubated at 30°C for 1–3 h at 30°C to allow complete
posttranslational folding and association of the newly synthesized polypeptides
before subsequent oligomerization analysis (see Note 14).

3.3.1. Assembly Assayed by Hydrodynamic Analysis

Connexon assembly was assayed by hydrodynamic analysis using linear
5–20% sucrose gradients. This technique is generally used for assaying assem-
bly of protein subunits into oligomeric structures and was used for connexins
by others before (39–41).

1. Nonmembrane integrated connexin polypeptides that are synthesized to a certain
extent in the cell-free translation reactions as a byproduct on nonmembrane
bound, free ribosomes (see Subheadings 3.1.3. and 3.2.2., and Fig. 5) are sepa-
rated from membrane integrated connexins prior to gradient analysis by pelleting
the microsomes through a 0.5 M sucrose cushion made in 1× PBS, using an
Airfuge ultracentrifuge (Beckman Instruments, Palo Alto, CA) as described in
Subheading 3.2.1.

2. To remove unincorporated radioactive label, microsomes are washed twice in
0.25 M sucrose, 1× PBS and pelleted as before.

3. Microsomes are then solubilized in 1% TX-100 (or other detergents) for 30 min
at 4°C.

4. Detergent-insoluble material is precipitated by a high-speed centrifugation (15 min,
30 psi) using the Airfuge ultracentrifuge.

5. Supernatants are loaded on top of 5-mL linear 5–20% (w/v) sucrose gradients
containing 150 mM NaCl; 50 mM Tris, pH 7.6; and the respective detergent used
for solubilization.

6. After centrifugation for 16 h at 4°C in a SW55Ti rotor (Beckman Instruments Inc.),
at 43,000 rpm (gav = 160,000; gmax = 210,000), gradients are fractionated by punc-
turing the bottom of the tube with a 26-gauge needle, and approx 20 0.25-mL frac-
tions are collected.

7. Aliquots of 25 µL of the fractions are analyzed by liquid scintillation counting
and SDS-PAGE. In general, between 2000 and 15,000 counts per minute (cpm)
are obtained per 5S peak fraction.

8. The cpm recorded in each fraction are corrected by the background activity (frac-
tion with the lowest cpm), and plotted in percent activity per fraction (Fig. 7).

9. Aliquots of all fractions are also analyzed by immunoprecipitation (see Subhead-
ing 3.3.2.) using connexin-specific antibodies.

10. To verify assembly of connexins into connexons, control aliquots of the translo-
cation reactions are solubilized in 0.1% SDS to resolve the oligomeric assem-
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blies and analyzed in parallel as described previously, except that the gradients
are prepared with 0.1% SDS, and run at 20°C to prevent precipitation of the SDS
in the gradients.

11. The refractive index of each fraction is measured using a refractometer and con-
verted into the corresponding sucrose concentrations using a standard conversion
table.

12. Standard proteins with known sedimentation coefficients (myoglobin, 2S; oval-
bumin, 3.5S; BSA, 4.3S; catalase, 11.5S) and gap junction connexons consisting
of 1Cx43, 1Cx32, or 2Cx26 expressed and purified from baculovirus infected
insect cells (42) are analyzed on separate gradients to compare the connexin
specific S-values with corresponding sucrose concentrations.

13. Dependent on the detergent used for the solubilization of microsomes, up to 32%
of the membrane-integrated connexin polypeptides were recovered as hexameric
connexons (ref. 15, and Fig. 7).

Fig. 7. Assembly of homo-oligomeric connexons in a cell-free translation system.
Reticulocyte lysates were supplemented with microsomes and programmed with

1Cx43 RNA, 1Cx32 RNA, and without (–) RNA in control. After translation was
full-length (fl) completed microsomes were harvested, lysed in nonionic detergent,
and assembly of connexins was analyzed by hydrodynamic analysis on linear sucrose
gradients. Gradients were fractionated from the bottom, and sucrose concentration,
radioactivity, and connexin protein content was determined in each fraction. Radioac-
tivity recovered from each fraction was plotted vs the sucrose concentration after sub-
tracting the lowest counts from each fraction. 9S particles represent assembled
connexons, while 5S particles represent unassembled connexin polypeptides. More
than 30% of the connexin polypeptides were recovered as assembled hexameric gap
junction connexons. (Reproduced with kind permission from ref. 15).
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3.3.2. Assembly Assayed by Coimmunoprecipitation

Connexin specific monoclonal and antipeptide antibodies directed against
different regions of 1Cx43, 1Cx32, and 2Cx26 that display no detectable
cross-reactivity with other connexin isotypes are used for the immunoprecipita-
tion of connexin polypeptides from in vitro translation reactions (see Note 15).
Oligomerization of connexin polypeptides into homo- and hetero-oligomeric
complexes can be analyzed by immunoprecipitation following general methods
described by Harlow and Lane (43). Connexins are translated in different
combinations together with other connexin isotypes, connexin mutants, or
nonconnexin transmembrane proteins. Connexin polypeptides are then immuno-
precipitated either from complete translocation reactions or from microsomes
that had been pelleted through sucrose cushions as described in Subheading
3.2.1., followed by their resuspension in 1× PBS, 0.25 M sucrose (see Fig. 8).

1. Microsomes are solubilized for 30 min on ice in immunoprecipitation buffer con-
taining 150 mM NaCl, 50 mM Tris, pH 7.6; 1% TX-100, which lysed the micro-
somal vesicles without disrupting the oligomeric connexin complexes.

2. Insoluble material is precipitated by high-speed centrifugation using the Airfuge
ultracentrifuge.

3. Aliquots of the supernatant corresponding to 10–25 µL of translocation reaction,
a connexin-specific antibody against 1Cx43, 1Cx32, or 2Cx26 (see above),
and preswollen Protein A–Sepharose (where required) are incubated together
in 1 mL of immunoprecipitation buffer for 2 h at room temperature, or at 4°C
overnight with shaking (see Note 16).

4. Beads are sedimented by centrifugation and washed 2× with immunoprecipita-
tion buffer prior to the addition of SDS protein sample buffer.

5. Precipitated antigens and associated polypeptides are detected by SDS-PAGE
and autoradiography (see Note 17).

6. As controls, aliquots of the translocation reactions or resuspended microsomes
are solubilized in immunoprecipitation buffer containing 0.1% SDS, or no deter-
gent (see Fig. 8 for a schematic representation).

3.4. Connexin Protein Detection Methods

1. Connexin translation products were analyzed qualitatively on 10% and 12.5%
SDS Laemmli Bio-Rad minigels (acrylamide/bis-acrylamide ratio 29:1). Samples
are solubilized in SDS sample buffer containing 3% SDS and 5% -mercaptoethanol
and analyzed without heating to prevent unspecific aggregation of connexin
polypeptides, a phenomenon often observed with polytopic membrane proteins.

2. Following electrophoresis, gels are soaked for 10 min in 1 M sodium salicylate
(Sigma) to enhance 35S and 3H autoradiography, dried, and exposed to Kodak X-AR
film at –70°C using an intensifying screen.

3. To quantitatively analyze connexin expression and compare amounts of different
translation products with each other, autoradiographs are scanned densitome-
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trically using an AlphaImager 2000 Digital Imaging and Analysis System (Alpha
Innotech Corporation, San Leandro, CA) as described in Falk and Gilula (16).

4. Because the specific radioactivity of a radiolabeled amino acid incorporated
during cell-free translation is provided by the manufacturer, and the frequency of
this amino acid in the connexin polypeptide sequence is known, the amount of
connexin polypeptides synthesized in the cell-free system can be determined
quantitatively using a liquid scintillation counter. We have used this method to
quantify the number of polypeptides adsorped to antibody coated Protein A–Sepharose
beads. Technical details are given in Kahn et al. (25).

4. Notes
1. Bacteriophage RNA polymerases are active for several hours and yield of RNA

transcripts increases with longer incubation times.
2. If several different transcripts will be synthesized, it is desirable to mix all com-

ponents except the individual cDNAs to reduce pipetting steps, then aliquot the
mix, and finally add cDNAs.

3. Shorter RNA transcripts (1–2 kb in length) can be frozen and thawed several
times without significant degradation. Longer transcripts (5–10 kb) are best used
fresh to avoid degradation by the freeze–thaw cycle.

4. Great care has to be taken to avoid any possible contamination with RNases.
Only autoclaved materials should be used, and tubes and pipet tips should not be
touched with bare hands. All electrophoresis equipment needs to be cleaned thor-
oughly immediately before use, and buffers should be prepared fresh to reduce
cRNA degradation.

5. When purchased, microsomes are relatively costly. I have prepared microsomes
from fresh canine pancreas following the protocol of Walter and Blobel (21) with
great success. The prepared microsomes had at least a similar translocation effi-
ciency, and low backgrounds comparable to those of purchased microsomes, and
were very efficient in connexin protein integration. Inside-out microsomes were
not detected in the preparations (see Fig. 2).

6. Microsomes are quite stable when stored at –70°C (2–3 yr). However, they should
not be thawed and refrozen more than once or twice. Therefore, when first used,
aliquoting them out into smaller volumes is highly recommended.

7. To investigate if the membrane translocation of a protein is dependent on signal
recognition particle (SRP) wheat germ extract has to be used as a lysate, in com-
bination with SRP-depleted microsomes and purified SRP. SRPs present in the
wheat germ lysate do not interact with mammalian microsomes. Although we
have used this methodology to prove that the membrane integration of connexins
into microsomes is SRP-mediated (14), details of this specific application are not
described in this more general chapter. However, protocols for the high-salt
extraction of microsomes and the preparation of SRP are described in several
publications by Peter Walter and co-workers (University of California, San
Francisco).
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8. To reduce background, a highly purified methionine, such as SJ1515 (Amersham
Biotech) should be used in the translation reactions. Translabel (ICN) was found
to produce additional bands, and therefore should be avoided for this application.

9. To avoid nonspecific aggregation of connexin polypeptides that failed to integrate
into microsomes during translation and are detected as a protein band on top of the
separating gel, shorter incubation times of only 30–45 min are recommended.

10. The posttranslational membrane integration of 1Cx43 and 2Cx26 recently
reported by two laboratories (27,28) is solely based on the results obtained
by pelleting microsomes through sucrose cushions, and a protease protection
assay using an inadequate protease (Staphylococcus aureus V8 protease; see
below). Therefore, the observation may reflect a strong adhesion of these
connexin isotypes to the outer microsomal membrane surface owing to their
strong overall hydrophobicity, rather than real posttranslational membrane
translocation. Further experiments using adequate technology (see Subheadings
3.2.1.–3.2.3.) and control proteins are required to convincingly demonstrate a
posttranslational ER membrane integration of connexin polypeptides.

11. Proteases with a very low specificity, such as proteinase K or trypsin, are rec-
ommended for this assay because exposed polypeptide domains should be
degraded completely. More specific proteases, such as Staphylococcus aureus
V8 protease, which cleaves only peptide bonds C-terminally at glutamic acid and
with a 3000-fold lower rate at aspartic acid (44) that have been used in connexin
protease protection assays previously (44) are not suitable. The large polypeptide
fragments generally produced by V8 protease do not make it possible to deter-
mine if a detected polypeptide fragment was indeed protected from proteolytic
degradation and located inside the microsomal vesicle, or simply did not contain
a protease V8 specific cleavage site (see ref. 47 for further reading).

12. Protease activity has to be blocked completely before the microsomes are
resolved in protein sample buffer; otherwise the protected polypeptide fragments
will be degraded. This is especially important when the protected fragments will
be characterized subsequently by immunoprecipitation. Proteinase K is extremely
active, exhibiting residual activity even in protein sample buffer. A combination
of either DFP or PMSF, together with SDS, and heating to at least 80°C as
described above was found to efficiently block proteinase K, as well as trypsin
activity.

13. The main disadvantage of protease protection assays is that sometimes the pro-
tease concentration cannot be increased high enough to obtain a complete digest
of exposed polypeptide domains, before encountering leak of protease activity
into the lumen of the microsomal vesicles. As a result, exposed but tightly
membrane-associated domains may remain undigested. This was observed, for
example, with a large portion of the C-terminal domain of the coronavirus glyco-
protein E1 (13). Although potentially accessible to proteolytic degradation the
intracellular loop region of connexins was found to be relatively resistant to pro-
tease digestion (48,49), which resulted in the precipitation of connexin polypep-
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tide fragments that included the intracellular loop domain in such protease
protection assays (see Fig. 7 in ref. 14). This result intially misled us to believe
that the transmembrane topology of connexins integrated into microsomes may
be partially inverted (50). The assumption was revised (14), and the correct trans-
membrane topology of connexins integrated into microsomes was proven (16).

14. Previously, 3–5 mM (final conc.) oxidized gluthatione (GSSG; Sigma, St. Louis,
MO) added to the translation reactions was described to promote proper folding
of membrane proteins by maintaining oxidized conditions in the translation reac-
tions (34,51). However, addition of GSSG was not found to be necessary for
connexon assembly.

15. Several researchers have used chemical crosslinking to detect connexin–connexin
interactions (39,41,45). However, because this technique requires a chemical
alteration of the polypeptides that may produce misleading results, especially if
the concentration of the connexin polypeptides is low compared to the amount of
total protein present in the microsomes, this technique was not further developed
for the assembly analysis of cell-free expressed connexins.

Fig. 8. Schematic representation of a connexin assembly assay. Oligomerization of
connexins was analyzed by co-immunoprecipitation. Different connexin isotypes were
translated simultaneously in a cell-free translation reaction in the presence of micro-
somes. Connexin assembly into homo-and hetero-oligomeric complexes was allowed
when several connexin polypeptides inserted into the same microsomal vesicle. Micro-
somes were lysed in nonionic detergent that kept the oligomeric complexes intact.
Co-immunoprecipitation using connexin specific antibodies indicated co-assembly of
the different connexin isotypes. In control aliquots microsomes were not lysed in deter-
gent. No immunoprecipitation occurred under theses conditions due to the relatively large
size of the microsomes. Or microsomes were lysed in SDS that also disrupted the oligo-
meric connexin complexes. No co-immunoprecipitation occurred under these conditions.
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16. Antibodies are used in combination with Protein A–Sepharose beads (Sigma).
However, the cleanest immunoprecipitations are obtained with connexin-specific
antibodies covalently bound to protein G–Sepharose beads (Pharmacia, Piscata-
way, NJ). To link the antibodies to the beads, 1 mL of protein G bead slurry is
washed and incubated in 10 mM sodium phosphate buffer, pH 7.3, with 15 mg of
monoclonal antibodies for 1 h at room temperature with continuous rocking.
Antibody–bead complexes are washed twice in 0.1 M sodium borate, pH 9.0, and
bound antibodies are covalently crosslinked to the Protein A with 20 mM dimethyl
pimelimidate · 2HCl (DMP, Pierce, IL), in 0.1 M sodium borate, pH 9.0, for 30 min
at room temperature with continuous rocking. The reaction was quenched by wash-
ing twice with 0.2 M ethanolamine, pH 8.0, for 1 h. Antibody–bead complexes
were resuspended in 1× PBS, 0.01% Thimerosal and stored at 4°C until used.

17. Cell-free expressed connexons were found to be functional by means of channel
activity. Single-channel activities were characterized by electrophysiological
analysis of channels obtained after fusion of microsomes containing cell-free
expressed connexins with planar lipid membranes. This method requires special
experimental setup and is not described in this chapter. However, the experimen-
tal conditions are described in detail in Buehler et al. (52) and Falk et al. (15).
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Biochemical Analysis of Connexon Assembly

Judy K. VanSlyke and Linda S. Musil

1. Introduction
The formation of gap junctions is a multistep process that begins with syn-

thesis in the membrane of the endoplasmic reticulum (ER) of connexins (Cx),
members of a highly homologous family of polytopic integral membrane
proteins (see Fig. 1, no. 1) (1). The first stage in gap junction assembly is the
noncovalent oligomerization of six connexin monomers into an annular struc-
ture known as a connexon or hemichannel (see Fig. 1, no. 2). In many (2,3) but
apparently not all (4) situations, this event takes place after exit from the ER
within an intracellular compartment that is most likely the trans-Golgi net-
work. The connexon complex is then transported to the cell surface (see Fig. 1,
no. 3), where it associates head-to-head with a connexon on the surface of an
adjacent cell to form an intercellular channel (see Fig. 1, no. 4). Such channels
then cluster at up to 10,000/µm2 to form gap junctional “plaques,” the endpoint
in gap junction assembly (see Fig. 1, no. 5). An emerging concept is that
connexon assembly is not simply a spontaneous default process but instead
shows a high degree of selectivity, as evidenced by the finding that only cer-
tain types of connexins can co-oligomerize to form heteromeric connexons (5)
and the ability of osteoblastic cells to assemble endogenously expressed Cx43,
but not Cx46 (3). Determining the mechanism and regulation of connexon for-
mation is therefore a fundamental part of understanding gap junction biosyn-
thesis and function.

Because gap junctions are present in almost all types of animal cells, a large
variety of tissues as well as cultured cell lines can be used as starting material
for the purification of connexons. Members of the connexin family exhibit tissue-
specific expression, a factor that must be taken into account when selecting a
system for study. For instance, rat liver is a good source of Cx32 but not of



118 VanSlyke and Musil

Cx43. Conversely, cardiac muscle tissue and pregnant rat myometrium (day of
labor) are rich in Cx43, but not Cx32.

The first described and still most widely used methods for isolating and
analyzing connexons are chemical crosslinking and sucrose gradient velocity
sedimentation. In this chapter, we present protocols that we have developed to
purify connexons composed of either Cx43 or Cx32 (2). We will also refer to
modifications of these techniques developed by other investigators, with the
caveat that we do not have extensive personal experience with these variations.
The tissues that we have successfully isolated connexons from include rat liver
(Cx32), chicken lens epithelium, and rat myometrium (both Cx43). These tech-
niques have also been used with a wide variety of tissue culture cells that either
endogenously express connexins or that have been transfected with connexin-
encoding cDNAs, as well as with Xenopus oocytes programmed with connexin
cRNAs (2). Continuous cell lines that we routinely use that express measur-

Fig. 1. Schematic of multistep assembly of gap junctional plaques. Assembly begins
with the biosynthesis of integral membrane proteins of the connexin family (1). Mul-
tiple connexins oligomerize intracellularly to form a connexon (also known as
hemichannel) (2) prior to delivery to the plasma membrane (3). Two connexons on
apposing cell surfaces associate to form an intercellular channel (4) and channels then
cluster into tightly packed arrays classified as gap junctional plaques (5).
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able amounts of endogenous connexons include normal rat kidney (NRK),
Chinese hamster ovary (CHO), and mouse sarcoma (S180) cells for Cx43 and
rat hepatoma cells (MH1C1) for Cx32.

2. Materials
2.1. Reagents

Unless otherwise noted, all reagents are available from Sigma.

2.1.1. Labeling Medium for Low CO2 Incubators

1. Sterile tissue culture stock solutions: 200 mM L-glutamine (100×), 79 mM
L-leucine (200×), 80 mM L-lysine HCl (200×), 5000 U/mL of penicillin–streptomy-
cin (50×), 7.5% sodium bicarbonate, 1 M HEPES 4-(2-hydroxyethyl)-1-piperazifnee-
thanesulfonic acid buffer solution, dialyzed fetal calf serum, 1 M NaOH.

2. 35S-Express label: Express™ Methionine/Cysteine Protein Labeling Mix, 35S,
>1000 Ci (37.0 TBq)/mmol (NEN cat. no. NEG072).

3. 2× Matlin’s medium stock: Dissolve the powder for 1 L of deficient Eagle mini-
mum essential medium (MEM) tissue culture medium (–methionine, –lysine,
–leucine) in 455 mL of double-distilled H2O (ddH2O). Add 5 mL of 200× leucine
stock, 5 mL of 200× lysine stock, 15 mL of 1 M HEPES buffer solution, and
20 mL of 50× penicillin–streptomycin. Filter sterilize and store at 4°C.

4. 1×Matlin’s medium (–methionine) stock: To make 500 mL of medium, mix 250 mL
of 2× Matlin’s medium stock, 250 mL of sterile ddH2O, 2.35 mL of 7.5% sodium
bicarbonate, and 1 mL of 1 M NaOH. The final pH should be 7.2–7.3.

5. Matlin’s starve/labeling medium: Supplement 1× Matlin’s medium with 5% dia-
lyzed fetal calf serum and 2 mM glutamine.

2.1.2. Isolation of Connexons from Tissue or Tissue Culture Cells

1. 20% TX-100: Dilute 2 mL of Triton X-100 (TX-100) in 8 mL of ddH2O by rotat-
ing at room temperature until it is a homogeneous mixture. Filter through a
Nalgene SFCA 0.2-µm filter (syringe type with 25-mm membrane). Prepare fresh
weekly.

2. 20× NEM: 200 mM N-Ethylmaleimide in ddH2O. Heat to 65°C for 15 s (no
longer). Prepare and add to buffers within an hour of use.

3. PMSF: 100 mM phenylmethylsulfonyl fluoride in ethanol. Can be stored at –20°C
for up to a week. Add to buffers at 200 µM (or 1 mM where specified) within an
hour of use.

4. 50× Leupeptin–soybean trypsin inhibitor (SBTI): Dissolve 10 mg of leupeptin in
1 mL of ddH2O and 25 mg of SBTI (type II-S) in 1 mL of PBS. Combine and
divide into 100-µL aliquots. Store at –20°C.

5. Protein assay kit: BCA Protein Assay Reagent Kit (Pierce cat. no. 23225).
6. PBS stock: Dulbecco’s phosphate-buffered saline, without CaCl2 or MgCl2

(Gibco-BRL cat. no. 14190-151).
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7. hHB buffer: 5 mM HEPES, 1 mM EDTA, 1 mM EGTA, adjusted to pH 8.2.
Supplement with 10 mM NEM and 200 µM PMSF immediately before use.

8. Incubation buffer: 136.8 mM NaCl, 5.36 mM KCl, 0.336 mM Na2HPO4, 0.345 mM
KH2PO4, 0.8 mM MgSO4, 2.7 mM CaCl2, 20 mM HEPES, adjusted to pH 7.5,
filter sterilized, and stored at 4°C.

9. Incubation buffer*: Supplement incubation buffer with 10 mM NEM and 200 µM
PMSF.

10. Incubation buffer**: Supplement incubation buffer with NEM, PMSF, and
leupeptin–SBTI.

2.1.3. Chemical Crosslinking of Connexons

1. Crosslinking reagents: Dissolve 7.5 mg of DSP (dithio-bis[succinimidyl propi-
onate]) (Pierce) in 600 µL of dimethyl sulfoxide (DMSO) or 50 mg of EGS
(ethylene glycol-bis[succinimdylsuccinate]) (Pierce) in 1 mL of DMSO by rigor-
ous vortex-mixing plus a 1-min incubation at 37°C. A few particles may remain
insoluble.

2. 1 M Glycine, pH 9.2, and 1 M glycine, pH 7.2: Prepare solutions fresh each time
or filter sterilize and store at room temperature. Remove small aliquots (sterilely)
as needed.

2.1.4. Velocity Sedimentation of Connexons in Sucrose Gradients

1. Incubation buffer and 20% TX-100: Described in Subheading 2.1.2.
2. Incubation buffer + TX-100: Incubation buffer supplemented with 20% TX-100

to a final concentration of 0.1%.
3. 20% (w/w) sucrose solution: Dissolve 20 g of sucrose in incubation buffer + TX-100

and bring the final volume to 100 mL. Aliquot and store at –20°C.
4. 5% (w/w) sucrose solution: Dilute 20% sucrose solution with incubation

buffer + TX-100 to a final concentration of 5% sucrose.

2.1.5. Immunoprecipitation Reactions

1. 20× NEM, PMSF, and 20% TX-100: Described in Subheading 2.1.2.
2. 10% SDS: Dissolve 0.5 g of sodium dodecyl sulfate (purified, BDH Laboratory

Supplies) completely in 4.5 mL of ddH2O and filter through a Nalgene SFCA
0.2-µm filter (syringe type with 25-mm membrane). Prepare fresh weekly.

3. 10% BSA: Dissolve 10 g of bovine serum albumin, fraction V, in 90 mL of ddH2O,
and bring up to 100 mL final volume. Aliquot into 5 mL fractions and store at –20°C.

4. Immunoprecipitation buffer: 100 mM NaCl, 20 mM sodium borate, 15 mM
EDTA, 15 mM EGTA, 0.02% NaN3, adjusted to pH 8.5, filter-sterilized, and
stored at 4°C.

5. Immunoprecipitation dilution buffer: Supplement immunoprecipitation buffer with
0.7% BSA, 1.2% TX-100, 10 mM NEM, and 200 µM PMSF within an hour of use.

6. Wash buffer 1: Supplement immunoprecipitation buffer with 0.5% BSA, 0.5%
TX-100, 0.1% SDS, 10 mM NEM, and 200 µM PMSF.
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7. Wash Buffer 2: Supplement immunoprecipitation buffer with 0.05% TX-100,
0.1% SDS, 10 mM NEM, and 200 µM PMSF.

8. 50% Slurry of Protein A conjugated to Sepharose beads: Protein A-Sepharose
4B® (Zymed cat. no. 10-1041).

2.1.6. SDS-PAGE and Immunoblot Analysis

1. 10× Sample loading buffer: Mix 2.3 mL of glycerol; 800 µL of ddH2O; 124 µL of
0.5 M Tris-HCl, pH 6.8; and 0.8 g of electrophoresis-grade SDS. Incubate at
60°C until homogeneous. Add bromophenol blue (until dark blue), mix, aliquot
in small fractions, and store at –20°C.

2. 1× Sample loading buffer: Warm the 10× stock to 100°C until melted and dilute
10-fold in ddH2O. For reducing conditions, add 20 µL of -mercaptoethanol per
milliliter of 1× solution immediately before using.

3. 10% SDS: Dissolve 10 g of electrophoresis-grade SDS in 100 mL of ddH2O.
4. Electrophoresis gel components: 30% Acrylamide/Bis solution, 37.5:1 (2.6% C),

Bio-Rad cat. no. 161–0158; ammonium persulfate and TEMED (Bio-Rad);
resolving gel buffer, 1.5 M Tris-HCl, pH 8.8; stacking gel buffer, 0.5 M Tris-
HCl, pH 6.8.

5. Running Gel Buffer: 24.8 mM Tris base, 192 mM glycine, 0.1% SDS.
6. Fix/destain solution: 10% Glacial acetic acid, 20% methanol.
7. Transfer buffer: 24.8 mM Tris base, 192 mM glycine, 20% methanol. Make a 10×

stock of Tris and glycine and store at room temperature. Dilute to 1× and add
methanol just before use.

2.2. Apparatus

1. Small household refrigerator.
2. N-Con Bod-Cubator (N-Con Systems, Larchmont, NY).
3. Barnant 100 Thermocouple Thermometer, model no. 600–2820 (JKT) (Barnant,

Barrington, IL).
4. Tabletop centrifuge with swinging bucket rotor (Beckman GPR).
5. Dounce tissue grinder with type A pestle (Fisher), polypropylene pellet pestle

(Kontes Glass cat. no. 749521-1500).
6. Tabletop ultracentrifuge Optima TLX and TLA100.3 rotor (Beckman), micro-

centrifuge polyallomer tubes (Beckman cat. no. 357448).
7. L8M preparative ultracentrifuge and SW60 Ti rotor (Beckman), ultraclear centri-

fuge tubes 7/16 × 2 3/8 in. (11 × 60 mm) (Beckman cat. no. 344062).
8. Small gradient maker SG5 (Hoefer).
9. Hand-held refractometer, Leica cat. no. 10431 (VWR).

10. Mini-Protean II Electrophoresis Cell (Bio-Rad).
11. Trans-Blot Electrophoretic Transfer Cell with plate electrodes (Bio-Rad cat. no.

170-3946).
12. X-OMAT film (Kodak) or PhosphorImaging system (PhosphorImager™ 445 SI,

Molecular Dynamics).
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3. Methods

3.1. Triton X-100 Solubilization of Connexons

The first step in the biochemical detection of connexons by either chemical
crosslinking or sucrose gradient velocity sedimentation is to solubilize these
species from membranes in a manner that faithfully preserves their oligomeric
state. In principle, this could be achieved by either dissociating fully assembled
gap junctional plaques (see Fig. 1, no. 5) into individual connexons or by cap-
turing nascent connexons (see Fig. 1, no. 2 and no. 3) prior to incorporation
into junctional plaques. In the cell types we have examined, the first approach
is of limited value. This is because most gap junctional plaques are exception-
ally resistant to solubilization in common nondenaturing detergents, including
Triton X-100 (TX-100), Triton X-114 (TX-114), octylpolyoxyethylene (POE),
and octylglucoside (OG) when used in physiological salt solutions at 4°C (6).
Harsher detergent treatments cause extensive breakdown of gap junctional
plaques to individual connexin subunits rather than into connexon hexamers.
Two situations in which connexons have been generated from fully assembled
gap junctional plaques have been described in the literature. First, Kistler and
colleagues have demonstrated that gap junctional plaques purified from mature
lens fiber cells can be dissociated into individual connexons and connexon
pairs with TX-100 and certain other mild detergents (POE, OG, maltopyranoside)
(7). Although the basis for the anomalous detergent sensitivity of fiber gap
junctions is unknown, a likely possibility is that the unique lipid composition
of lens fiber cells changes the extractability properties of the gap junctional
channels embedded in them. Second, Stauffer et al. have reported that gap junc-
tional plaques purified from rat liver could be dissociated into hexameric
connexons in a mixture of 2 M NaCl, 10 mM EDTA, 100 mM dithiothreitol
(DTT), 5% dodecyl maltoside, and 100 mM glycine, pH 10, at 4°C (8). In our
hands, however, this procedure is not universally applicable in that it results in
a very low yield of connexons from Cx43-expressing tissue culture cells.

Because of the difficulties we have encountered in generating connexons
from fully assembled gap junctions, we usually analyze connexons prior to
their incorporation into plaques. The overall strategy is to lyse cells in the pres-
ence of TX-100 at 4°C, conditions under which gap junctional plaques remain
insoluble and can be removed by high-speed centrifugation (6). The superna-
tant fraction contains both newly synthesized connexin monomers and
connexons in a state suitable for subsequent analysis by chemical crosslinking
or sucrose gradient velocity sedimentation. We describe techniques optimized
for the solubilization of connexons from monolayer tissue culture cells as well
as from two types of animal tissue (Cx32 from rat liver and Cx43 from preg-
nant rat myometrium). Similar results were obtained with material processed
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immediately after harvesting or after snap-freezing in liquid nitrogen and stor-
age at –80°C. All manipulations should be conducted at 4°C and solutions
should be prechilled. Buffers and tubes should be sterilized as added insurance
against artifactual proteolytic degradation.

3.1.1. TX-100 Solubilization of Tissue Culture Cells

Monolayer tissue culture cells that have been radioactively labeled at either
37°C or 20°C or unlabeled cells can be used (see Note 1).

1. Place the tissue culture dishes on a metal plate on ice (never allow the plates to
warm >20°C).

2. Wash the monolayers 3× with incubation buffer* and then scrape the cells from
the dish with a rubber policeman in more incubation buffer*. Rinse the dish once
more with Incubation Buffer and add this wash to the cell suspension.

3. Centrifuge at 180g in a tabletop centrifuge for 10 min at 4°C.
4. Resuspend the cell pellet in incubation buffer** (1 mL/confluent 60-mm dish;

scale volume up or down proportionately if a dish of a different size is used) and
passage through a 25-gauge needle attached to a 1-mL syringe multiple times to
completely homogenize the cell suspension.

5. Add TX-100 from a 20% stock solution to bring the homogenate to a final con-
centration of 1% TX-100 and vortex-mix well. Incubate on ice 30 to 40 min.

6. Centrifuge the extract at 100,000g in an ultracentrifuge for 50 min at 4°C. This is
equivalent to 43,000 rpm in a TLA100.3 rotor in a tabletop Beckman ultracentri-
fuge. Collect the TX-100-solubilized extract without disturbing the pellet and
store on ice until further analysis.

3.1.2. TX-100 Solubilization of Tissue

Although conceptually identical to solubilization of connexons from tissue
culture cells, quantitative solubilization of connexons from animal tissue requires
consideration of three additional factors. First, an initial tissue homogenate
must be made. If the tissue is easily macerated (e.g., liver) or if small amounts
of material are to be utilized, polypropylene pestles that fit into 1.5-mL
microcentrifuge tubes can be used. Alternatively, a Dounce-type homogenizer
with a type A pestle can be employed. Second, the concentration of connexin
protein in the TX-100-solubilized extract must be high enough to be readily
detectable over any nonspecific background by the antibodies used for
immunoblotting. In the case of liver, this was achieved by removing cytosolic
components prior to treatment of the membrane fraction with TX-100. With preg-
nant rat myometrium, the levels of Cx43 expression and the specificity of the
anti-Cx43 antibodies were sufficient to allow addition of TX-100 directly to the
whole tissue homogenate. Lastly, the amount of TX-100 added to the tissue must
be in excess of that required for complete solubilization of membranes.
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3.1.2.1. RAT LIVER TISSUE

1. Remove the liver from a 35-d-old rat and use either immediately or after snap-
freezing in liquid nitrogen and storage at –80°C. Weigh 1.5–2 g of the fresh or
frozen liver tissue (about one third of the entire organ). Rinse the tissue with cold
PBS and then cold hHB buffer to remove as much blood as possible and place in
a Dounce homogenizer with 9 mL of hHB.

2. Homogenize with 20 strokes of a type A pestle on ice and let sit on ice for 10 min.
Filter homogenate through 16 layers of cheesecloth.

3. Centrifuge the filtered material at 100,000g at 4°C for 30 min. This is most easily
achieved using the TLA100.3 rotor in a Beckman tabletop ultracentrifuge.
Remove and discard the supernatant and resuspend the membrane pellet in 5 mL
of chilled incubation buffer*.

4. Remove a small aliquot of the membrane fraction and perform a protein assay as
follows. To 160 µL of the membrane sample, add 600 µL of ddH2O and 40 µL of
10% SDS. Vortex-mix and incubate at room temperature for 20 min. Centrifuge
the solution at 15,000 rpm (~16,000g) in a microcentrifuge for 10 min. Measure
the protein concentration of the supernatant using a SDS-compatible assay, such
as the Pierce BCA kit. A concentration of ~15 mg of protein/mL is expected.

5. Dilute the membrane fraction with additional incubation buffer* to a final con-
centration of 1.5 mg of protein/mL of buffer.

6. Bring the sample to 1.2% TX-100 (final concentration) with 20% TX-100 stock
solution and vortex-mix well, taking care not to allow the solution to warm. Incu-
bate on ice for 40 min. Extraction of membrane proteins is optimal at this
TX-100/protein ratio.

7. Centrifuge the detergent-treated material at 100,000g for 50 minutes at 4°C
(43,000 rpm in the TLA100.3 rotor). Collect the TX-100-solubilized supernatant
and save on ice.

8. Perform another protein assay on the TX-100-solubilized extract using the Pierce
BCA kit. Dilute 100 µL of extract with 70 µL of ddH2O to make the TX-100
concentration 0.7%, the maximum compatible with this protein assay. Use between
10 and 75 µL of the diluted protein sample in the assay and determine the protein
concentration against a standard of BSA in 0.7% TX-100. One rat liver should
yield between 30 and 150 mg of TX-100-solubilized protein.

9. Dilute the TX-solubilized extract with enough incubation buffer*, supplemented
with TX-100, to bring the final concentration to 0.5 mg protein/mL in 1% TX-100.

3.1.2.2. RAT MYOMETRIAL TISSUE (DAY 23 OF PREGNANCY)

1. After removal of endometrium, homogenize as thoroughly as possible ~ 100 mg
of uterine tissue in 1 mL of incubation buffer* (with 1 mM PMSF) in a 1.5 mL
microcentrifuge tube using a polypropylene pestle on ice.

2. Bring the homogenate to 1.2% (final concentration) TX-100 and vortex-mix well,
taking care not to allow the sample to reach room temperature. Incubate on ice
for 40 min. This amount of Triton is sufficient for optimal extraction of mem-
brane proteins.
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3. Centrifuge the sample at 100,000g for 50 min at 4°C (43,000 rpm in a TLA100.3
rotor in a Beckman tabletop ultracentrifuge). Harvest the TX-100-solubilized
fraction and save on ice.

4. Perform a protein assay on the TX-100-solubilized extract as described previ-
ously for liver samples. Triton solubilization of 100 mg of tissue should yield
about 2.5–3 mg of protein. Dilute the sample to a final concentration of 1.5 mg of
protein/mL in incubation buffer supplemented with enough TX-100 to bring the
final detergent concentration to 1%.

3.2. Chemical Crosslinking of Connexons

The oligomeric state of connexins in TX-100-solubilized extracts generated
as described in Subheading 3.1. can be analyzed using chemical crosslinkers
(2). We have successfully used the homobifunctional, amine-reactive reagents
EGS (ethylene glycol-bis[succinimidylsuccinate]), DSP (dithio-bis[succinimidyl
propionate]), DTSSP (3,3'-dithio-bis[sulfosuccinimidyl propionate]), and BS3

(bis[sulfosuccinimidyl]suberate) to covalently link connexin monomers within
a connexon. The use of DMS (dimethylsuberimidate · HCl) has been reported
by Cascio et al. (9). Crosslinks formed by DSP and its water-soluble analog
DTSSP have thiol bridges that are easily cleaved by reducing agents (see Note 2),
allowing identification of the individual connexin components within an oligo-
meric complex. Crosslinks generated by EGS are reversible by prolonged incu-
bation in 1 M hydroxylamine, pH 8.5, whereas BS3 is uncleavable. The
concentration of crosslinker, as well as the length and temperature of the
crosslinking reaction, are critical parameters and should not be varied. Too
little crosslinking results in a ladder of partially crosslinked products whereas
over crosslinking can cause virtually all of the connexin in the sample to become
incorporated into heterogeneous, nonspecific high molecular mass (>200 kDa)
complexes that do not reflect assembly into connexons.

Completely crosslinked, fully assembled Cx43 connexons migrate on a 4–11%
polyacrylamide gradient gel (see Note 8) slightly faster than a 200-kDa molecu-
lar weight marker (see Fig. 2), well resolved from any remaining unassembled
monomer at ~40 kDa. The Mr of Cx32-containing connexons is ~150 kDa and
of the monomers, is ~27 kDa. We have observed that in contrast to Cx43, Cx32
is difficult to completely crosslink in a connexon and instead tends to yield a
ladder of crosslinked intermediates (see Fig. 2). We suspect that Cx32
hemichannels are not completely stable in TX-100 solutions and that partial
dissociation of connexons and/or the fact that Cx32 is prone to aggregation
may account for the crosslinking results we as well as other investigators (9)
have obtained (see Note 3).

The protocol described next is for optimal crosslinking of fully assembled
connexons. We have empirically found that whereas either DSP or EGS is
suitable for Cx43, Cx32 connexons are most efficiently crosslinked with EGS.
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1. Dilute one volume of TX-100-solubilized extract, prepared as described in Sub-
heading 3.1., with two volumes of cold incubation buffer (solution is now 0.3%
TX-100), mix, and then divide the sample into two equal portions. The amount of
soluble extract required for recovery of easily detectable quantities of connexons
is addressed in Note 4.

2. Prepare a fresh stock in DMSO of either DSP (12.5 mg/mL, 125× stock) or EGS
(50 mg/mL, 100× stock). Add crosslinker to one of the duplicate samples (final
concentration = 100 µg/mL for DSP; 500 µg/mL for EGS), vortex-mix well
immediately, and place on ice. Add an identical volume of DMSO to the other
duplicate for a mock crosslinked control. Incubate the samples on ice for 30 min
with occasional vortex-mixing.

Fig. 2. Crosslinking analysis of connexons from tissue culture cells. NRK cells
expressing either Cx43 endogenously or Cx32 exogenously were metabolically labeled
at 20°C. Connexons in TX-100-solubilized cell extracts were chemically crosslinked
with either DSP or EGS and visualized by SDS-PAGE on gradient gels after immuno-
precipitation with affinity purified anti-connexin antibodies. The final concentration
of crosslinker in µg/mL (in DMSO) is given below each gel lane; mock crosslinking (–)
was acheived with DMSO alone. Molecular mass markers are indicated on the left of
the gels in kilodaltons (kDa).
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3. Stop the reaction by adding to all samples 20 µL/mL of 1 M glycine, pH 9.2,
vortex-mix, and incubate on ice for 30 min. The glycine provides excess amino
groups to competitively inhibit protein–protein crosslinking and the higher pH
increases the rate of reagent hydrolysis.

4. Add 10 µL/mL of 1 M glycine, pH 7.2, to each sample to restore the pH and vortex-
mix. Store samples on ice until proceeding with either immunoprecipitation or chlo-
roform–methanol protein precipitation, as described in Subheading 3.4.

3.3. Velocity Sedimentation of Connexons in Sucrose Gradients

This procedure was adopted from studies of the assembly of the nicotinic
acetylcholine receptor (10). It takes advantage of the fact that a 5–20% (w/w)
linear sucrose gradient is essentially isokinetic; that is, a particle moves in the
gradient at a constant velocity such that the distance through which it sedi-
ments is directly proportional to its sedimentation coefficient. As expected for
a monomer that has a predicted molecular mass of 43 kDa, unassembled Cx43
is recovered in the 5S region (containing ~9–11% sucrose) after centrifugation
on a 5–20% sucrose gradient. Cx43 connexons (either with or without prior
crosslinking) migrate at the 9S position (~14–16% sucrose), similar to the com-
parably sized pentameric nicotinic acetylcholine receptor (2). No Cx43 is
recovered in the 9S position from cells in which connexon assembly was
blocked, demonstrating that velocity sedimentation does not induce artifactual
post-lysis aggregation of connexins.

While the gradient profile for Cx43 (2) or Cx46 (3) shows a clean separation
of monomers from connexons, this is not true for Cx32-containing extracts
analyzed identically. Cx32 is recovered from the gradient in a single peak that
spans from the 5S to the 9S regions. If Cx32 is crosslinked before sucrose
gradient velocity sedimentation, the completely crosslinked hexamers are
recovered in the fractions containing ~13–14.5% sucrose and the monomers in
~8–10% sucrose, in keeping with the expected molecular weights of these spe-
cies. Partial complexes containing two to five Cx32 molecules are recovered in
the intermediate fractions. The lack of resolution of Cx32 into two distinct
peaks after sucrose gradient sedimentation therefore appears to be due to the
same instability and/or aggregation phenomena that are responsible for the ina-
bility to completely crosslink multimeric forms of Cx32 to fully assembled,
hexameric connexons (see Subheading 3.2.).

1. Prepare stock solutions containing either 5% or 20% sucrose in incubation buffer
and 0.1% TX-100. With both of the stopcocks closed, add 2 mL of the 20%
sucrose solution to the chamber of a 5-mL gradient maker closest to the outflow
tube. Add 2 mL of the 5% sucrose solution to the other chamber. Open the stop-
cock to the outflow tube and then the stopcock separating the two chambers and
pour a linear sucrose gradient into an 11 × 60 mm ultra-clear tube (Beckman cat.
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no. 344062) designed for an SW60 rotor. The sucrose solution is continuously
mixed during gradient preparation on a stirplate by means of a stirbar inserted
into the 20% sucrose solution. Chill the tubes to 4°C, being careful not to disturb
the sucrose gradient.

2 Carefully overlay each sucrose gradient with approximately 0.5–0.75 mL of
TX-100-solubilized extract, prepared as described in Subheading 3.1. Solubi-
lized protein from one confluent 60-mm dish of tissue culture cells is roughly the
maximum amount of sample that can be loaded onto a 4-mL gradient without
affecting the resolution of connexin species, whereas ~ 1 mg of TX-100-solubi-
lized extract from either liver or myometrium has been successfully subjected to
gradient analysis (see Note 4).

3. Centrifuge the gradients in an SW60 swinging bucket rotor in a Beckman ultra-
centrifuge at 49,000 rpm for 12 h at 4°C (i.e., 250,000g; 1.15 × 1012 radians2/s).
Allow acceleration to proceed slowly over 3 min and deceleration to occur with-
out braking.

4. Puncture the bottom of the centrifuge tube with an 18-gauge needle just slightly
to the side and above the pellet. Collect the sucrose solution dropwise into
microcentrifuge tubes on ice, about 400 µL of sample per tube.

5. Measure the percent sucrose in each fraction using a hand-held refractometer
(Leica cat. no. 10431). Store the samples on ice until further analysis by immu-
noprecipitation or chloroform–methanol protein precipitation as described in
Subheading 3.4.2. If the collected fractions are to be crosslinked, read Note 5.

3.4. SDS-PAGE Analysis of Connexons

After chemical crosslinking or sucrose gradient velocity sedimentation,
monomeric and assembled connexin species must be immunoprecipitated and/
or analyzed by Western blotting using connexin-specific antibodies (11).
Immunoprecipitants of connexins metabolically labeled with [35S] methionine
are detected after SDS-polyacrylamide gel electrophoresis by autoradiography
or with a PhosphorImager. Unlabeled connexins are analyzed by immunoblotting
either with or without prior immunoprecipitation (see Note 9). In the latter case,
the presence of substantial amounts of TX-100 in the samples and their large
volumes hinder analysis on minigels. We therefore precipitate the proteins in
such samples using the method of Wessel and Flugge (12) prior to SDS-PAGE.
This simple procedure yields near quantitative recovery of proteins and removes
salts and detergents.

3.4.1. Immunoprecipitation

1. Denature samples for immunoprecipitation by adding SDS to a final concentra-
tion of 0.6%, vortex-mix, and heat to 100°C for 3 min or (depending on the type
of connexin to be analyzed) incubate at room temperature for 30 min (see Note 6).
Dilute the denatured samples with 2.5 volumes of immunoprecipitation dilution
buffer, centrifuge at maximum speed in a microcentrifuge (15,000 rpm, ~16,000g)
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or (for larger samples) in a tabletop low-speed centrifuge in a swinging bucket
rotor for 10 min and transfer the supernatant to a new tube.

2. If necessary, preclear samples by incubating for 2 h with 30 µL of a 50% slurry
of Protein A conjugated to Sepharose 4B while rotating at 4°C. Centrifuge the
samples as described in step 1 and transfer the supernatant to a new tube. This
step reduces the nonspecific background of immunoprecipitants and is used
when samples are prepared from whole tissue or when Cx32 is immunoprecipi-
tated from some cell types.

3. Add anti-connexin antibodies (either affinity purified or as crude serum) capable
of specifically immunoprecipitating SDS-denatured protein and incubate while
rotating overnight at 4°C. For further information concerning antibodies, see Note 7.

4. Add 30 µL of Protein A–Sepharose beads (50% slurry) to each immunoprecipita-
tion reaction. Incubate while rotating at 4°C for at least 2 h to allow antibody–
antigen complexes to bind to the Protein A. Pellet the beads by centrifugation for
1 min in a microcentrifuge and wash the beads 4× (1 mL each) with wash buffer 1.

5. After removal of the fourth wash, add 1 mL of wash buffer 2 and transfer the
samples to a new microcentrifuge tube. Pellet the beads as described previously
and completely remove all of the buffer using a 27-gauge needle attached to a
syringe or an aspirator.

6. Resuspend the Protein A–Sepharose beads in 1× sample loading buffer contain-
ing 2% -mercaptoethanol ( -ME). If the sample has been crosslinked with DSP
or DTSSP, omit -ME unless cleavage of the crosslinks is desired (see Note 2).
Heat the samples to 100°C for 5 min or (depending on the connexin species)
incubate at room temperature for 30 min (see Note 6).

7. Load the samples onto an SDS-polyacrylamide minigel. Specifications of the
optimal percentages of acrylamide for the separation of different connexin spe-
cies are provided in Note 8. Run the gel until the dye front reaches the bottom of
the resolving gel.

8. If the gel contains radioactive immunoprecipitants, fix the gel with fix/destain
solution for at least 30 min, dry, and then expose to X-ray film or a Phosphor-
Imaging screen. If the proteins in the gel are to be detected by immunoblot analy-
sis, prepare the gel for Western transfer as described in Note 9.

3.4.2. Chloroform/Methanol Precipitation of Proteins
for Immunoblotting Analysis

1. Dilute samples with four volumes of methanol, vortex-mix; add one volume of
chloroform, vortex-mix; and finally add three volumes of ddH2O and vortex-mix.
Centrifuge at 9000g for 5 min at room temperature (11,000 rpm in a microcentri-
fuge) and discard the upper layer (solution will be in two phases), avoiding the
interface. Add three volumes of methanol, vortex-mix, and again centrifuge at
9000g for 5 min. Remove the supernatant and allow the pellet to dry completely.
At this point, the samples can be stored indefinitely. For analysis, resuspend the
pellets in 2× sample loading buffer ± -ME (see Note 2) containing 5% SDS.

2. Proceed with SDS-PAGE and immunoblot analysis as described in Subheading
3.4.1, step 7, and Notes 8 and 9.
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4. Notes
1. Under steady-state conditions, the amount of connexon available for analysis (Fig 1;

2 and 3) will be limited by the rate of assembly of monomeric connexins into
connexons as well as by the incorporation of connexons into Triton-insoluble
and therefore unassayable gap junctional plaques (Fig 1; 5). If connexons are to
be extracted from tissue, the fraction of the total connexin population in the form
of TX-100-soluble connexons has been determined in vivo. However, if primary
or continuous cell cultures are to be used, temperature manipulations that pro-
mote accumulation of TX-100-soluble connexons can be employed. Incubation
of cells at 20°C inhibits trafficking through the secretory pathway between the
trans Golgi network (TGN) and the plasma membrane (13). Because connexons
in most cell types assemble within the TGN, metabolic radiolabeling at 20°C can
be used to inhibit the incorporation of connexons into insoluble cell surface gap
junctional plaques (2). Extended (5–18 h) incubation of unlabeled tissue culture
cells at the same temperature can also be used to accumulate connexons. Although
other systems (e.g., refrigerated water baths) can be used, we conduct 20°C incu-
bations in a cold room in a small household refrigerator (with the cooling ele-
ment turned off) containing an N-Con Bod-Cubator (from N-Con Systems)
heating unit. A thermometer probe (placed in a small container of water inside
the refrigerator near where the cells are to be incubated) linked to an external
monitor (such as a JKT Thermocouple Thermometer, Barnant) is essential for
setting and continuously monitoring the temperature (must be 19°C and < 21°C).

Most tissue culture media are formulated for use in 5–10% CO2 environments
and will therefore become unacceptably alkaline when used at low (ambient)
CO2 levels. We therefore use a modification of a HEPES-buffered minimal essen-
tial medium developed by Matlin and Simons for low CO2 incubations (13). The
recipe given in Subheading 2. is for a methionine-deficient version of this
medium and is designed for radiolabeling with [35S]methionine. For other uses,
the medium can be supplemented with 200 µM unlabeled L-methionine.

Our standard procedure for metabolically radiolabeling connexons at 20°C is
as follows:
a. Wash a 60-mm dish of confluent adherent tissue culture cells twice with

methionine-free Matlin’s medium.
b. Overlay with 2.5 mL of Matlin’s medium supplemented with 5% dialyzed

fetal calf serum (dFCS). Incubate at 37°C for 30 min under ambient CO2 con-
ditions in a tissue culture incubator (either a standard unit with the compressed
CO2 source turned off or a non-CO2 unit). This “starve” depletes the cell’s
endogenous pools of methionine and enhances the subsequent incorporation
of [35S]methionine into newly synthesized proteins.

c. Remove the medium and add 2.5 mL of fresh Matlin’s medium + 5% dFCS
containing 0.3 mCi of [35S]methionine (37.8 µL of fresh 35S-Express label
from NEN, cat. no. NEG 072).

d. Incubate the cells at 37°C in the same incubator for 20 min, chill the tissue
culture dish for 1–2 min on a metal plate on ice, and then place the monolayer
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in a 20°C low-CO2 incubator (described previously) for 4 h and 40 min (total
labeling time is 5 h). The initial 20 min of labeling at 37°C increases the
amount of radiolabeled connexin synthesized but is too short to permit detect-
able assembly of the labeled molecules into gap junctional plaques. After
labeling, harvest the cells as described in Subheading 3.1.1. If metabolic
labeling of connexons at 37°C is desired, a minimum labeling period of approx
45 min is required to accumulate sufficient quantities of [35S]methionine-
labeled connexin in the TGN to allow detectable connexon assembly.

2. Crosslinked bonds generated by thiol-sensitive reagents such as DSP and DTSSP
can be broken by incubating samples for either 30 min in 10–50 mM DTT at
37°C or by heating to 100°C for 5 min in sample loading buffer containing 2 to
5% -ME. We have noticed that connexons that have been exposed to SDS are
sometimes more resistant to cleavage of crosslinks than those in TX-100.
Crosslinks can be reduced prior to SDS addition by incubation for 1 h at room
temperature with 20 mM DTT. The DTT must be inactivated with 50 mM NEM
prior to addition of immunoprecipitating antibodies.

3. Increasing the amount of EGS to > 500 µg/mL does not improve the yield of fully
crosslinked Cx32-containing connexons but instead results in the concentration-
dependent conversion of Cx32 (along with other proteins in the extract) into very
large, unidentifiable, and most likely nonspecific complexes. Examination of lad-
ders of partially crosslinked Cx32 connexons reveals six distinct bands spaced at
~27-kDa intervals, consistent with the dogma that connexons are hexameric. In
contrast, partial crosslinking of Cx43 connexons achieved by decreasing the con-
centration of crosslinking reagent by 75% (e.g., 25 µg/mL DSP or 125 µg/mL
EGS) generates a ladder with only five “rungs” with electrophoretic mobilities
expected for species containing one to five Cx43 molecules (see Fig. 2). The
most likely explanation for this phenomenon is that fully crosslinked Cx43
hexamers for some reason migrate anomalously fast on SDS-PAGE in a position
indistinguishable from that of a pentameric partial complex. Alternatively, it may
be possible that the stochiometry of Cx32-containing and full-length Cx43-con-
taining connexons differs.

4. The amount of TX-100-solubilized extract required for the generation of easily
detectable levels of crosslinked connexons on a minigel depends on the level of
expression and the assembly efficiency of connexins in the cell type of interest.
For good Cx43 expressers such as NRK or CHO cells, the TX-100-solubilized
extract from one third of a 60-mm dish of metabolically-labeled tissue culture
cells is adequate. If crosslinked connexin species are to be further analyzed by
sucrose gradient velocity sedimentation, a half of a 60-mm dish of cells is neces-
sary because of unexplained loss of connexin signal during the latter procedure.
To accomplish this, a more concentrated TX-100-solubilized extract can be pre-
pared by solubilizing the cells from a 60-mm dish in 500 µL (instead of 1 mL) of
incubation buffer and 1% TX-100. After dilution with two volumes of incubation
buffer and the crosslinking reaction, approximately half of the cell extract will be
in a volume (750 µL) that can be loaded on a 4-mL sucrose gradient.
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If the connexons are from tissues and are to be analyzed by Western blotting,
a limiting factor is the amount of protein that can be loaded onto a minigel (about
100–150 µg/lane of a 10-well comb). Fifty to 100 µg of protein prepared from
liver or myometrium as described in the Subheading 3.1.2. is sufficient to detect
connexons after crosslinking. The protein concentration of samples in SDS-
PAGE sample loading buffer can be determined using the Pierce BCA assay.
Make sure the final concentration of SDS in the protein assay is <0.5% and that
no reducing agent is present; -ME can be added after the quantitation. Western
blotting can also be conducted after immunoprecipitation of TX-100-solubilized
extracts with anti-connexin antibodies. In this case the volume of extract can be
increased at least 7- to 10-fold because the total amount of protein in the
immunoprecipitant is much lower than the limit for electrophoretic separation.

5. Optimal crosslinking of Cx43 connexons recovered from the 9S peak of a sucrose
gradient requires twice the concentration of crosslinking reagent as is used to
modify connexons in an unfractionated TX-100-solubilized extract.

6. Some connexins, including Cx32 and Cx26, are prone to aggregation, especially
when heated above 37°C in SDS. Such connexins can be denatured by incubating
TX-100-solubilized extracts with 0.6% SDS for 30 min at room temperature prior
to dilution with immunoprecipitation dilution buffer. Immediately before load-
ing samples onto a SDS-PAGE gel, noncrosslinked samples are incubated in
sample loading buffer for 30 min at room temperature whereas crosslinked mate-
rial is heated at 37°C for 5 min. TX-100-solubilized extracts containing connexins
that do not aggregate in heat plus SDS (e.g., Cx43) are treated with 0.6% SDS
at 100°C for 3 min before immunoprecipitation. Optimal resolution of Cx43-
containing species requires that the samples be heated to 100°C for 5 min in
sample loading buffer shortly before SDS-PAGE.

7. The volume of anti-connexin antibody to be used in immunoprecipitation reac-
tions depends on the concentration and specificity of the reagent. If possible, the
antibody should be titered to ensure quantitative recoveries and to minimize the
level of nonspecific background. Interestingly, some antibody stocks that exhibit
an initial linear relationship between the amount of immunoglobulin added and
the amount of connexin protein immunoprecipitated show the opposite behavior
when supersaturating levels of antibody are added. Because one half of a single
antibody molecule can potentially immunoprecipitate an entire connexon com-
plex, less antibody is required to immunoprecipitate the same number of connexin
molecules if they are oligomerized than if they are monomeric. Immunoprecipi-
tation of crosslinked connexons with subsaturating amounts of antibody yields
the cleanest results with the least nonspecific background.

When immunoprecipitating connexin species for subsequent immunoblot
analysis, covalently cross-linking the immunoprecipitating antibody to Protein
A–Sepharose beads reduces the amount of immunoglobulin that is loaded onto
the gel and that can react with the secondary antibodies used to detect connexin
on the blot. A procedure adapted from the Harlow and Lane antibody manual
(14) is outlined as follows:
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a. Wash Protein A–Sepharose beads 3× with PBS using a microcentrifuge to
pellet the beads.

b. To 400 µL of washed, packed beads, add 200 µL of crude serum (or mono-
clonal supernatant if the antibodies bind Protein A) and 800 µL of PBS. Mix
by rotating at 4°C overnight.

c. Wash the beads 2× with PBS at room temperature to remove the unbound
serum components. Wash 2× with 4 mL of 0.2 M sodium borate, pH 9.0.

d. Resuspend the beads in 4 mL of sodium borate buffer and add the covalent
crosslinker dimethyl pimelimidate (as a solid) to a final concentration of 20 mM.

e. Rotate at room temperature for 30 min.
f. To stop the cross-linking reaction, pellet the beads and resuspend in 4 mL of

0.2 M monoethanolamine, pH 8.0. Pellet again and resuspend in 4 mL of the same.
g. Incubate while rotating at room temperature for 2 h.
h. Wash the beads 3× with PBS and then resuspend in 2 mL of freshly prepared

100 mM glycine, pH 3.0. Pellet the beads immediately and resuspend in another
2 mL of 100 mM glycine. Incubate at room temperature for 3 min (not longer).

i. Immediately wash the beads 4× with PBS and once with PBS supplemented
with 0.1% TX-100 and 0.005% thimerosol (a preservative). Resuspend the
beads in enough PBS + TX-100 + thimerosol to bring the final volume to
800 µL. Use 30 µL of this 50% suspension (after washing once or twice in
PBS–TX-100 to remove the thimerosol) per immunoprecipitation reaction.
Can be stored at 4°C for up to a year.

8. For visualization of monomeric connexins, 10% acrylamide gels are routinely
used for Cx43 and 11% gels for Cx32. When crosslinked forms are to be ana-
lyzed, 4–11% acrylamide (for Cx43) and 7.5%–12.5% (for Cx32) gradient gels
are used for maximum resolution of connexin-containing species. Gradient
minigels are prepared using the same apparatus and essentially the same proce-
dure as is employed for pouring linear sucrose gradients (see Subheading 3.3.),
substituting 1.9 mL of the higher percentage acrylamide solution for the 20%
sucrose solution and 2 mL of the lower percentage acrylamide solution for the
5% sucrose solution. Immediately after pouring, overlay the top of the gel mix
with water-saturated butanol. After polymerization at room temperature for an
hour, overlay with a 3% acrylamide stacking gel (15).

9. SDS-PAGE gels are transferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P, Millipore) using a standard Tris–glycine–methanol procedure
(16). If only monomeric connexins are to be detected, transfer for 45–60 minutes
using a transfer apparatus with plate electrodes. If crosslinked oligomeric forms
are also present, the transfer time is increased to 2 h.

After transfer, the PVDF membrane is blocked and then probed with anti-
connexin antibodies. Chemiluminescent detection protocols are more sensitive
than colorimetric methods, but either will work. The Tropix Western-Light Detec-
tion system (Tropix, Bedford, MA) utilizes secondary antibodies conjugated with
alkaline phosphatase and is compatible with chemiluminescence-sensitive
phosphorimaging screens.
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Expression and Imaging of Connexin-GFP
Chimeras in Live Mammalian Cells

Dale W. Laird, Karen Jordan, and Qing Shao

1. Introduction
Gap junction (GJ) proteins, connexins (Cx), possess many properties that

are atypical of other well-characterized integral membrane proteins (1). Oligo-
merization of Cxs into hemichannels (connexons) has been shown to occur
after the protein exits the endoplasmic reticulum (2). Once delivered to the cell
surface, connexons from one cell dock with connexons from a neighboring cell
and cluster into GJ plaques, a process that is facilitated by cadherins (3).
Connexins have short half-lives and GJs are turned over rapidly (3). To study
GJ formation, removal, and connexin intracellular trafficking in real time, we
recently used the green fluorescent protein (GFP) as a fusion partner to con-
struct Cx-GFP chimeras (see Fig. 1).

GFP is a 238 amino acid protein originally cloned from the jellyfish
Aequorea victoria (4). GFP is rapidly becoming an important reporter mol-
ecule for monitoring gene expression and protein localization in vivo and in
vitro in live cells (5). Fusion constructs that join GFP to Cxs (Cx-GFP chime-
ras) can provide important insights into localization of Cxs, mechanisms of Cx
trafficking, and pathways for GJ disassembly, internalization, and degrada-
tion. We have now fused GFP to a number of Cxs, without apparent disruption
of Cx trafficking to the cell surface or inhibition of gap junction plaque for-
mation (Laird, Jordan, and Shao, unpublished data). In the case of Cx43-
GFP, this fusion protein assembles into GJ plaques (see Fig. 2) and functional
channels that exhibit wild-type characteristics (6).

The coding sequence of GFP can be directly fused in-frame to either the
amino (N)- or carboxyl (C)-terminus of the target Cx. Alternatively, polypep-
tide linkers consisting of 4–22 amino acid residues can be added in-frame to
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the N- or C-terminals of the Cx to tether the GFP and enhance the likelihood
that the Cx portion of the fusion protein will be functional. The cDNA encod-
ing the Cx-GFP fusion protein can be transiently or stably transfected into
mammalian cells. Because Cx-GFP fusion proteins have inherent fluorescence,
they can be localized directly in living cells without further manipulation. In
addition, time-lapse imaging can be performed and the resulting series of images
can be animated in movie sequences.

We are currently using Cx-GFP chimeras expressed in living cells to examine
the trafficking and mechanisms involved in gap junction assembly and turn-
over. Using Cx-GFP fusion proteins, we can: (1) examine the vesicle popula-
tions and/or tubular extensions that are involved in delivering Cx-GFPs to the

Fig 1. Schematic diagram of the pEGFP vector containing the Cx43 insert. The
Cx43 is fused in-frame to the N-terminal domain of GFP.
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cell surface, (2) investigate the sites of vesicle docking at the cell surface, (3)
track the mobility of Cx-GFP hemichannels within the plasma membrane, (4)
examine the mobility and clustering of cell surface gap junction plaques, (5)
determine the mechanism of GJ disassembly and internalization, and (6) fol-
low the fate and degradation of internalized GJs. These trafficking studies
are aided by the availability of several well-characterized and reversible
inhibitors of protein trafficking (i.e., brefeldin A, monensin, etc.), domi-
nant-negative effectors for key trafficking molecules (i.e., rabs, dynamin,
etc.) and inhibitors of cytoskeletal elements (i.e., nocodazole, cytochalasin
D, etc.).

2. Materials
1. pEGFP-N or pEGFP-C (CLONTECH Laboratories) (see Notes 1 and 2).
2. Connexin cDNAs.
3. Design and order polymerase chain reaction (PCR) primers (see Note 3).

Fig 2. Expression and localization of Cx43-GFP in normal rat kidney cells. Normal
rat kidney cells stably expressing Cx43-GFP were cultured on glass coverslips for 2 d
prior to fixing in 80% methanol–20% acetone for 10 min at –20°C. The cells were
imaged on a Zeiss LSM confocal microscope using a scan speed of 32 s and a pinhole
setting of 20 which yields an optical slice of ~1 µm. Note that Cx43-GFP assembles
into gap junctions that resemble the classical punctate distribution pattern (arrows).
Bar = 10 µm.
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4. Pwo DNA polymerase and buffer (Boehringer Mannheim) (see Note 4).
5. Restriction enzymes and buffers: Available from many manufacturers (see Note 5).
6. T4 DNA ligase and 10× ligation buffer (Boehringer Mannheim).
7. A suitable E. coli stain such as JM109, JM101, or XL1-Blue.
8. Plasmid purification kit that yields transfection quality plasmid DNA (QIAGEN).
9. LipofectAMINE or LipofectAMINE Plus for transfection (Life Technologies).

10. Custom-made glass coverslip bottomed 35-mm tissue culture dishes.
11. Opti-MEM1 medium containing 10 mM 4-6(2-hydroxyethy)-1-piperazine-

ethanesufonic acid (HEPES), pH 7.2.
12. Heated stage for confocal microscope (20/20 Technology, Bionomic controller,

Model no. BC-100).
13. Zeiss LSM 410 inverted confocal microscope.
14. Zeiss time series imaging software.
15. Jaz disk storage.
16. Quicktime and Adobe Image Premiere software.
17. VCR.
18. High-resolution color dye sublimation printer.

3. Methods
3.1. Engineering and Expressing Cx-GFP Chimeras

1. Generate Cx cDNA with appropriate restriction sites for subcloning by using
10–100 ng of existing plasmid containing the Cx of interest and appropriate
PCR primers. Obviously, anyone who chooses to make appropriate fusion
proteins will have to customize their primers with respect to the connexin
being used and the 4–22 amino acid linker sequence that we note in the intro-
duction (6).

2. Digest the pEGFP vector and PCR products with restriction enzymes (see Note 6).
3. Purify the PCR products (see Note 7) and digested pEGFP from a 1% agarose gel.
4. Ligate the linearized pEGFP vector and insert Cx DNA at a molar ratio ranging

from 1:1 to 1:3 in 1 µL of 10× ligation buffer, 1 U of T4 DNA ligase, and distilled
water (dH2O) up to 10 µL at 15°C overnight.

5. Transform E. coli (JM109) with a fraction of the ligation reaction and spread on
LB plates containing 30 µg/mL kanamycin (see Note 8).

6. Pick individual bacterial colonies and extract the DNA using a standard plasmid
miniprep protocol.

7. Verify insertion of the Cx cDNA by digestion with appropriate restriction enzymes
and gel electrophoresis.

8. Sequence the Cx-GFP plasmid (see Note 9).
9. Prepare a large-scale plasmid preparation of the Cx-GFP construct.

10. Transfect mammalian cells grown to 50–70% confluency in 60 mm dishes with
3 µL/mL of LipofectAMINE and 1 µg/mL of construct DNA (premix Lipo-
fectAMINE and DNA) in a total volume of 2 mL of serum-free medium for 2–5 h
(see Notes 10 and 11).
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3.2. Time-Lapse Imaging and Animation of Cx-GFP Chimeras
in Live Cells

1. Culture cells that stably or transiently express Cx-GFP on sterile 12-mm round
glass coverslips (Fisher) in 60-mm culture dishes until cells have grown to
required confluency (usually it takes 2–4 d for most cell lines to reach 70%
confluency).

2. Remove coverslips from 60-mm culture dishes and place them face down in a
glass coverslip bottomed 35-mm dish (see Note 12) containing 2 mL of Opti-
MEM1 (Life Technologies) supplemented with 10 mM HEPES, pH 7.2 (see
Note 13).

3. Place the 35-mm dish containing the glass coverslip on a Zeiss LSM 410 confo-
cal microscope equipped with a 20/20 Technology temperature controlled stage
preset to 37°C.

4. View and image Cx-GFP in living cells using a 1.4 numerical aperture 63× plan-
apochromat oil lens (see Note 14). Cx-GFP is excited with a 488-nm laser line
emitted from an argon/krypton mixed gas laser (see Note 15). Optical scans of
approx 1 µm in thickness are collected every 16–32 s for periods up to 60 min
(see Note 16).

5. Store individual images and time-lapse image series on a Jaz disk (see Note 17).
6. Animate time-lapse image series using Adobe Image Premiere or Quicktime soft-

ware to examine Cx-GFP trafficking (see Note 18).

4. Notes
1. Vectors of pEGFP-C or -N are used for the expression of C-terminal or N-terminal

EGFP fusion proteins. The EGFP gene encodes a red-shifted variant (enhanced
variant) of the Aequorea victoria GFP (7) optimized for brighter fluorescence
and higher expression in mammalian cells (Exmax 488 nm; Emmax 507 nm). For
pEGFP-C, connexin cDNA is inserted into the multiple cloning site (MCS) down-
stream of the EGFP coding sequence and the resulting protein is expressed fused
to the C-terminus of EGFP. For pEGFP-N, connexin cDNA cloned into the MCS
is expressed fused to the N-terminus of EGFP. Care must be taken to ensure that
the inserted connexin cDNA and EGFP remains in the same open reading frame.

2. At present, we do not highly recommend using the pEBFP (blue) vector to con-
struct Cx-BFP chimeras as the fluorescence emitted from BFP (Exmax 380 nm;
Emmax 440 nm) is at least an order of magnitude less, making imaging of these
fusion proteins difficult. In addition, if Cx-BFP fusion proteins are to be imaged
on a confocal microscope, the microscope must be equipped with a UV laser.
Although we have not tested the pEYFP (yellow) vector in our laboratory, the
wavelength needed to excite YFP (Exmax 513 nm) is available on most conventional
epifluorescent or confocal microscopes and the fluorescence (Emmax 527 nm)
should be similar in intensity to GFP.

3. Constructing primers that introduce restriction sites into the coding region of
GFP for in-frame fusion to connexin coding sequences is straightforward. Primers
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designed to include appropriate restriction sites and connexin coding sequences
work well for PCR amplification. The typical length of primers used for connexin
application is 18–22 basepairs. The products of PCR allow for the generation of
sticky ends suitable for cloning into pEGFP vectors. When fusing to the C-terminus
of a connexin, the stop codon must be deleted and is replaced by one of the restric-
tion enzyme sites indicated in Fig. 1, which shows a schematic outline of GFP
fusion to the C-terminal of Cx43. To fuse GFP to the connexin N-terminus, the
start codon is replaced by a restriction site in the 5' sense primer without losing
the connexin methionine.

4. When using Taq DNA polymerase (error rate of 2 × 10–4 errors/base) about 56%
of a 200-bp amplification product will contain at least a single error after 1-million-
fold amplification. In contrast, when using Pwo DNA polymerase for amplifica-
tion only 10% of the products will contain an error under the same conditions.

5. The selected restriction sites should have at least two additional nucleotide bases
5' to the recognition sequence (this depends on the restriction enzyme used) to
ensure that the enzymes will in fact recognize and cleave the sequence (see the
New England Biolabs catalog for the details of individual enzymes).

6. If you use one restriction enzyme to digest the vector, the vector needs to be
dephosphorylated with calf intestinal alkaline phosphatase and proper orienta-
tion will need to be confirmed.

7. Sometimes the efficiency of digesting PCR products by restriction enzymes is
poor. To compensate for this, we first subclone the PCR products into a T-vector
(Promega) and then use restriction enzymes to digest the restriction sites intro-
duced by the primer.

8. For transformation, 5 µL of ligation reaction is added to 50 µL of competent E.
coli cells and the cells are heat shocked for 45 s in a water bath at 42°C.

9. DNA sequence analysis is used to confirm in-frame fusion and to rule out PCR
errors, point mutations and deletions.

10. We recommend using half the amount of LipofectAMINE (or LipofectAMINE
Plus) as suggested by the manufacturers (Life Technologies) for transfecting cells
to reduce the amount of autofluorescence generated by LipofectAMINE in tran-
sient transfections. Transient expression of Cx-GFP is observed 48 h after the
transfection.

11. Stable transfectants can be selected by resistance to G418 (neomycin). Genera-
tion of cell lines that stably express Cx-GFP fusion proteins can be difficult. In
several instances clonal cells revert and lose Cx-GFP expression after several
passages. This can be overcome by periodic subcloning of stable cell lines that
express Cx-GFP, maintaining transfected cells under G418 selection pressure
and by liquid nitrogen storage of a large number of vials that contain early pas-
sage cells.

12. Coverslips with attached mammalian cells are placed face down on the custom-
ized cover slip bottomed tissue culture dishes to facilitate examination with high-
resolution, high numerical aperture lenses. Focusing on cells through two no. 1
coverslips, as would be the case if the cells were placed face up, is less than
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optimal. The inversion of the cover slip onto glass bottom plates appears to have
no detrimental effect on the viability or morphology of the cells. Furthermore,
the cells remain accessible to drug treatments (i.e., Brefeldin A, nocodazole,
ammonium chloride) during the experiment.

13. We typically maintain the pH at 7.2 by using 10 mM HEPES. However, use of a
bicarbonate buffer system would be advantageous providing the stage is equipped
with a CO2 chamber. To avoid high levels of background fluorescence, we use
phenol red-reduced OptiMEM-1 medium. Riboflavins also contribute to back-
ground fluorescence, however, we find that the background fluorescence is suffi-
ciently low without using riboflavin-deficient medium.

14. A number of optical lenses can be used to view Cx-GFP fluorescence; however,
we have found that one of the best and most versatile lenses is the 63× plan-
apochromat oil lens. To date, this is the highest numerical aperture lens sold that
provides for excellent capturing of the GFP fluorescence. Other lenses with high
numerical apertures (i.e., 40× plan-neofluar, 1.3 numerical aperture) will also
provide high-resolution images.

15. Typically, we collect Cx-GFP fluorescence from live cells after passage through
a series of dichroic and barrier filters. The fluorescence emitted from GFP is
allowed to first pass through a 510-nm dichroic followed by a long pass 515-nm
barrier filter. If the cells that are being imaged are transiently transfected, there
may be autofluorescence contributed from the LipofectAMINE. To reduce image
contamination with background fluorescence, a 515–565 nm barrier filter is used
to replace the long pass 515-nm barrier filter. This approach is also necessary if
the cells to be imaged are fixed and immunolabeled with an antibody against
another cellular component. Fluorescence from an immunolabeled antigen must
have spectral characteristics distinct from GFP and is usually collected on a sec-
ond photomultiplier.

16. The quality of the images obtained is directly correlated with the scan speed used
to acquire the images and the optical slice thickness. In general, the slower the
scan speed, the less pixel noise and the better the image quality. Likewise, 1-µm
optical sections tend to yield higher quality images than optical sections that are
thicker. A potential disadvantage of using 1-µm optical sections rests in the fact
that Cx-GFP vesicles or plaques may move out of the Z plane being imaged and
some data will be lost from the time-lapse series. This problem can be overcome
by increasing the pinhole size and, consequently, the optical slice thickness. We
typically use scan speeds of 16–32 s for image fields of 768 × 576 pixels. The dis-
advantage of using these rather slow scan speeds is the possibility that Cx-GFP
may spatially redistributed at a faster rate than the images are being acquired.
While this potential problem cannot be readily overcome on a confocal micro-
scope, new generation CCD-cooled cameras are now becoming available that
can acquire high resolution and high signal-to-noise images in less than 2 s. At
present, we are setting up this technology to further examine Cx-GFP trafficking.

17. Image data (~250 kB/image) can be stored on any number of devices (hard disk,
Zip, Jaz, CDs, etc.). We chose to use an Iomega Jaz drive and the Jaz disk storage
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system mainly because these disks are economical (1 GB storage/disk) and the
drives have access speeds comparable to hard disks. The recent availability of
CD Rom recorders allows us to back-up our Jaz disk data on CDs.

18. In the past, one of the factors that dampened many investigators’ enthusiasm for
performing GFP studies in living cells was the difficulty in creating, presenting
and publishing the time-lapse movie sequences. Now with the ease in creating
world wide web sites this problem has been eliminated and several cell biology
journals (i.e., Journal of Cell Biology, Molecular Biology of the Cell) readily
accept and promote publication of movies in Quicktime format. We generate
time-lapse movies for depositing on the world wide web and for accessing with
Quicktime using Adobe Image Premiere software. In generating the movie sequences,
it is important to have a high-end computer with no less that 64 MB RAM.
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Analysis of Connexin Expression
in Brain Slices by Single-Cell Reverse
Transcriptase Polymerase Chain Reaction

Laurent Venance

1. Introduction
The molecular characterization of gap junction channels has revealed the

existence of a large number of the subunits forming these channels, the
connexins (Cx) (for reviews see refs. 1,2). As a consequence of their differen-
tial expression and their ability to form homo- and heterotypic channels, the
molecular and functional characterization of native gap junction channels in
defined cell subpopulations has been a difficult enterprise so far.

Using the in situ hybridization technique, it was possible to study the differ-
ential expression patterns of Cxs in the brain. However, the identification of
Cx expression in certain cells may not be possible when expression levels are
low. Furthermore, the technique permits the concomitant colocalization of two
or three Cxs at the most.

Hence, the use of the single-cell reverse a polymerase chain reaction (RT-PCR)
technique in acute brain slices offers an extremely powerful approach to study the
differential expression of Cxs in identified neuronal and glial cells.

The single-cell RT-PCR technique combined with electrophysiological stud-
ies has been successfully used in a number of studies over the last 10 yr (3–7);
(for reviews see refs. 8,9). The whole-cell patch-clamp configuration is used to
characterize functional properties of single neurons and permits the subsequent
harvesting of the cell content for the molecular analysis. Single-cell PCR stud-
ies include studies in which the analysis of gene families with specific primers
has been employed and studies in which the aim was the analysis of different
genes using the “multiplex PCR” approach (for examples see refs. 7,10–12).
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Important technical aspects that need to be considered when single-cell PCR
experiments in the acute brain slice preparation are performed have been
described elsewhere (8). Here I will outline the exact procedures that have
been used for the analysis of Cx expression in identified neurons recorded from
brain slices.

2. Materials
2.1. Reagents

2.1.1. cDNA Synthesis

1. 5× primer–dNTP mix contains 25 µM hexamer random primers (Boehringer
Mannheim, Mannheim, Germany) and 2.5 mM of each deoxyribonucleotide
(Pharmacia, Upsala, Sweden) in 10 mM Tris-HCl, pH 8.0.

2. 200 mM Dithiothreitol (DTT) (Biomol, Plymouth Meeting, PA, USA) dissolved
in autoclaved water and filtered (0.2 µm pore size).

3. 40 U/µL of ribonuclease inhibitor (Promega, Mannheim, Germany).
4. 200 U/µL of superScript II reverse transcriptase (Gibco-BRL Life Technologies

GmbH, Eggenstein, Germany).

2.1.2. PCR Amplifications

1. Taq DNA polymerase (Gibco-BRL).
2. 10× buffer (Gibco-BRL): 200 mM Tris-HCl, pH 8.4, 500 mM KCl.
3. 50 mM MgCl2 (Gibco-BRL).
4. dNTPs, 5 mM each (Pharmacia).
5. Mineral oil (Sigma Chemical, St Louis, MO, USA).

2.1.3. Subcloning of the PCR Product into the M13 RF-DNA Vector

1. 10× ligation buffer: 500 mM Tris-HCl, pH 8.1, 100 mM MgCl2, 100 mM DDT,
1 mM EDTA.

2. 10 mM ATP (Sigma).
3. T4 DNA ligase (1 U/µL, Boerhinger Mannheim).
4. Cloning vector: MP13mpRF (Stratagene, La Jolla, CA, USA).
5. Competent cells: XL2-Blue cell (Stratagene).
6. Columns P100 Chroma Spin + TE-100 (Clontech Lab., Palo Alto, CA, USA).
7. Gel extraction kit, Qiae II (Qiagen, Valencia, CA, USA).
8. Nitrocellulose membranes : Protan BA 85 (Schleicher & Schuel, Dassel, Germany).

2.1.4. Oligonucleotide Radiolabeling

1. 10× buffer (same buffer as for the ligation).
2. [ -32P]ATP (Amersham, Little Chalfont, UK).
3. T4 polynucleotide kinase (New England Biolabs, Beverly, MA, USA).
4. Bio-spin 6 column (Bio-Rad, Hercules, CA, USA).
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2.1.5. Southern Blot

1. Nylon membrane (Porablot NY amp, Macherey-Nagel, Düren, Germany).
2. Denaturation buffer: 1.5 M NaCl and 0.5 M NaOH in milliQ water.
3. Hybridization buffer (2×): 0.05% sodiumpyrophosphate, 10× saline sodium citrate

(SSC) (Amresco, Solon, OH, USA), 10× Denhart’s (Sigma), 100 µg/mL yeast RNA.
4. Formamide (Sigma).

2.2. Solutions

The compositions of the patch-clamp recording solutions used in these
experiments were the following:

1. Internal solution: 140 mM KCl, 3 mM MgCl2, 5 mM EGTA, and 5 mM 4-(2-
hydroxyethyl-1-piperazifneethanesulfonic acid (HEPES), pH 7.3 adjusted with
KOH (see Notes 1 and 2).

2. External solution: 125 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 1.25 mM
NaH2PO4, 25 mM glucose, and 25 mM NaHCO3, with a pH 7.35 after bubbling
with a gas mix containing 95% O2–5% CO2.

2.3. Apparatus

The following equipment was used in our experiments but an adequate alter-
native is of course possible.

1. Patch-clamp puller pipets: Flaming-Brown P-97 puller (Sutter Instruments,
Novato, CA, USA). The glass used to pull the patch-clamp pipets is made of
borosilicate (glaskapillaren from Hilgenberg, Masfeld, Germany). The outer dia-
meter is 2 mm, the thickness 0.5 mm, and the length 75 mm.

2. Antivibration table: Physik Instrumente (Waldbronn, Germany).
3. Upright microscope: Axioskop 2 with DIC optics and objectives (2.5×, 40×, and

60×) from Carl Zeiss (Göttingen, Germany).
4. Camera and camera controller used for the infrared difference interference con-

trast (IR-DIC) videomicroscopy: Hammamastu C2400 (Hammamatsu, Japan).
Video monitor WV-5410 from Panasonic.

5. Patch-clamp amplifiers EPC-7, EPC-9, and software for acquisition and analysis
Pulse and Pulse Fit 8.11 from HEKA Elektronik (Lambrecht, Germany). Analy-
sis was done also with Igor Pro from WaveMetrics (Lake Oswego, OR USA).

6. Micromanipulator system: LN combi 25 and controller SM I from Luigs &
Neumann (Ratingen, Germany).

7. Microslicer: DTK-1000 from Dosaka Co. Ltd. (Kyoto, Japan).
8. For expelling procedure: Picopritzer II (General Valve, Fairfield, USA). Binocu-

lar from Nikon (Japan).
9. PCR amplifications: DNA Thermal Cycler 480 (Perkin Elmer, Norwalk, CT, USA).

10. Sequencer: 377 DNA sequencer, ABI prism™ (Perkin Elmer).
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11. Crosslinker: UV Stratalinker 2400 (Stratagene).
12. X-ray film developing machine: Hyper Processor, Amersham Life Science.

3. Methods
General Cautions

Precautions to avoid contamination should be taken, as the aim of this tech-
nique is to harvest and handle minute amounts of mRNA.

A room should be dedicated solely to these electrophysiological and mole-
cular biology experiments. During experiments, powder-free gloves should be
worn and draughts (open windows, doors, etc.) should be avoided. Whenever
possible, instruments (water-bath, centrifuge, PCR machine, etc.) should be
used for these experiments only.

3.1. Electrophysiological Part

3.1.1. Patch-Clamp Recording on Slice

Rat brain slices of 300–400 µm thickness are stored at 32°C for 1 h after
slicing and then at room temperature. For these experiments, large-tip-diam-
eter pipets (1.5–2.5 M ) (Hilgenberg, Masfeld, Germany) are used to harvest
as much as possible of the cell content in a short time.

1. To reduce the risk of contaminations the following recommendations should be
considered:
a. The glass tubing for the patch-clamp pipette is sterilized before use by heat-

ing from 4–6 h at 200°C.
b. For the internal and external solutions autoclaved milliQ water should be used.
c. The internal solution is autoclaved before every experiment and filtered (0.2-µm

filters) before filling the patch-clamp pipet. The pipet is filled with 8 µL of
internal solution.

d. Gloves should be worn and for every manipulations a sterile forceps should
be used.

e. The microscope, the electrode holder, and the stage supporting the perfusion
chamber should be carefully cleaned with 70% ethanol before each experiment.

2. In a first step, a cell in the slice is selected based on morphological criteria using
the infrared difference interference contrast (IR-DIC) videomicroscopy. The cell
is then functionally characterized using the patch-clamp technique in the acute
slice preparation (13) (see Notes 3 and 4). To avoid an obstruction of the tip of
the pipet, positive pressure is applied before lowering the pipet into the bath solu-
tion and the slice.

3. Once the seal configuration is established and stabilized (Rm > 2 G ), the whole-
cell configuration is achieved by gently breaking the patch membrane using a
negative pressure pulse. Then the cell may be precisely identified using biophysi-
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cal parameters under current-clamp conditions. According to these parameters, it
is possible to discriminate between glial cells and neurons and between subpopu-
lations of neurons.

3.1.2. Harvesting of the Cell Content

1. The harvesting step is performed immediately after the electrophysiological iden-
tification of the cell. To harvest the cytoplasmic content of the cell, negative
pressure (approx 50 mbars) is applied to the patch-clamp pipet. This step is per-
formed under IR-DIC videomicroscopy visual control and concomitant control
of the seal resistance. To avoid contamination, a constant giga-ohm seal during
this procedure is an absolute requirement. The negative pressure that is applied at
the beginning of the harvesting procedure critically determines the amount of
cytoplasmic material that is collected into the pipet. This pressure needs to
be relatively low (50 mbars) and constant for the first 1–2 min and then higher
(100 mbars) toward the end of the harvesting procedure. If the pressure is too
high at the beginning, the nucleus of the targeted cell may obstruct the tip of the
pipet (this event typically increases the access resistance). Because the expres-
sion level of most neuronal Cxs is low, it is necessary to harvest as much as
possible of the cell content.

2. After harvesting, the pipet is removed very carefully to avoid contamination from
the surrounding tissue. To this end, it is ideal to obtain an outside-out patch
configuration. Furthermore, several passages (five or six) the pipet through the
air–external solution interface may be required to remove some debris attached
to the surface of the pipet. The condition of the slice is also crucial. Unhealthy or
old slices (more than 5 h after slicing) will lead to a high increase in contamina-
tions risks. After each harvesting, the patch-clamp electrode wire should be elec-
trochemically rechlorided in a 30 mM KCl solution.

3. Two kinds of controls have to be done for each experiment: slice controls and an
intracellular solution control. For the former, a patch pipet is lowered into the
slice in a place close to a neuron for 1–2 min but without patching it. For the
latter, 8 µL of internal solution is used. In both cases the material is then pro-
cessed in an identical fashion as the harvested cell content.

3.1.3. Expelling

The content of the patch pipet is expelled into a PCR tube (Perkin Elmer,
Gene amp PCR tubes 0.5 mL) using positive pressure. For this purpose, we use
a home-made expeller permitting the precise positioning of the pipet into the
PCR tube and avoiding uncontrolled movement of the pipet when high posi-
tive pressure is applied for expelling (8). The pressure of the nitrogen, which is
passed through a gas filter, is controlled by a Picopritzer.

1. As soon as the harvesting is achieved, 2 µL of primer/dNTP mix and 0.5 µL of
DTT are added to the PCR tube. These solutions must be kept on ice during the
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experiment and new aliquots used for each experiment. Then the PCR tube and
the harvesting pipet are placed in the expeller. The bottom of the tip of the pipet
is positioned under visual control (10× binocular microscope) on the surface of
the solution in the PCR tube.

2. Positive pressure (4 bars) is applied for 30–60 s to expell as much as possible of
the harvested material contained in the tip of the pipet as this material represents
the majority of the harvested cell content.

3. The tip of the pipet is then gently broken by touching the bottom of the PCR tube.
The remaining volume present in the pipette (8 µL) can be expelled under a lower
pressure (approx 0.2 bar) within 10 s.

3.2. Molecular Biology Part: Analysis of the mRNA Expression

3.2.1. cDNA Synthesis

After the expelling procedure the reverse transcription (RT) step is carried
out immediately. The enzymes that are kept at –20°C are rapidly added: 0.5 µL
of RNasin and 0.5 µL of superScript II reverse transcriptase. New aliquots of
these enzymes are used for each experiment. The tube is gently flicked and
then centrifuged for several seconds using a bench-picofuge (Stratagene). The
reaction is then incubated at 40°C for 60 min. The samples are stored at –20°C
until the PCR reactions are performed.

3.2.2. PCR Amplifications

All 10 µL of the RT reaction are used for the subsequent PCR reaction, as
many Cx mRNAs are present in low amounts in neurons (see Note 3). Also,
two PCR reactions (PCR1 and PCR2) are required to amplify enough material
from a single-cell for the subsequent analysis. PCR1 is performed directly in
the PCR tube containing the cDNA reaction.

3.2.2.1. FIRST PCR AMPLICATION

Mix A:
7 µL of 10× buffer (Gibco-BRL)
3 µL of 50 mM MgCl2

47 µL of H2O
10 µL of of the reverse transcription reaction

The MgCl2 concentration is variable. For each primers pair different MgCl2
concentrations (from 0.5–4 mM) should be tested (using plasmids and/or total
brain cDNA as templates) to optimize the PCR reaction (14). The water volume
is adjusted to obtain a final volume of 70 µL per PCR tube for mix A. Mix A is
directly pipetted into the tube containing 10 µL of the RT reaction and two
drops of mineral oil are added to the tube.
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The PCR tubes are then placed in the PCR machine for a hot start, 94°C for
5 min. This step is followed by the addition of 30 µL of mix B per tube.

Mix B:
3 µL of 10× with buffer (Gibco-BRL)
2 µL of 5' primer (10 pmol/µL)
2 µL of 3' primer (10 pmol/µL)

22.5 µL of H2O
0.5 µL of Taq DNA polymerase (Gibco-BRL)

Primer dilutions are made in 10 µM Tris-HCl, pH 8. The optimal primer concen-
tration is tested using plasmids and total brain cDNA as templates. The water vol-
ume is adjusted to a final volume of 30 µL. Mix B should not be vortex-mixed but
just flicked and then centrifuged to avoid damaging of the Taq polymerase. The
PCR cycling program consists of 35 cycles using the following cycling program:

a. Denaturation step, 94°C for 30 s.
b. Annealing step, 56°C for 30 s, except for the degenerate primers (up primer

PCR1, lo primer PCR1/2, and up nested primer PCR2); the annealing step
is 53°C for 30 seconds.

c. Extension step, 72°C for 40 s.
After an extension step at 72°C for 10 min, the PCR reaction is stopped by

cooling the samples to 4°C. The PCR tubes are stored at –20°C until the second
PCR amplification (PCR2) is performed.

3.2.2.2. SECOND PCR AMPLIFICATION

For the second amplification, 1–4 µL of the PCR1 reaction are used as a template.
This volume has to be optimized so as to have a clear signal without nonspecific
amplication. Of the primers used for the second amplification, at least one primer
should be a nested primer. Both primer concentration and MgCl2 concentration have
to be optimized for this reaction as well. The different volumes for Mix A and B are
the same than in PCR1, except that 3 µL of dNTPs, 5 mM each (Pharmacia), have to
be added in Mix A and the volume of H2O should be adjusted. The PCR cycling
program for the PCR2 is similar to the one used for the PCR1.

3.2.3. Strategies for Cx Identification and Analysis of the PCR2 Products

3.2.3.1. IDENTIFICATION OF THE - AND -FAMILY CXS WITH DEGENERATE PRIMERS

Degenerate primers are used to first detect which Cxs are expressed in the
harvested cells (see Fig. 1, 3.1.–3.5.). These primers are located on highly con-
served regions (extracellular loops, E1 and E2) of exon 2 (see Note 5). Nested
degenerate primers are used for the PCR2 (see Table 1). Visualization of the
PCR product on an agarose gel followed by southern-blot analysis with spe-
cific probes for different Cxs are then performed.
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Fig. 1. Overview of the different steps involved in the single-cett RT-PCR analysis
for connexins.

This step is aimed at the identification of the Cx expression pattern in par-
ticular neuronal subpopulation. The drawback of this approach consists in the
fact that it is impossible to discriminate between amplification from genomic
material or mRNA, as the primers are located on the same exon. This discrimi-
nation can be achieved by subsequently carrying out experiments in which
subunit-specific primers spanning an intron are used (see Subheading 3.2.3.2.
and Fig. 1, no. 4.1.–4.3.).
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3.2.3.1.1. Cloning of the PCR2 cDNA product. An agarose gel (1.5%) elec-
trophoresis is performed by loading 10 µL of the PCR2 product. The primers,
used for the PCR2, contain restriction sites allowing directional cloning into a
vector (e.g., M13 or BS). After isolation of the PCR2 product from the gel
using standard methods (gel extraction kit Qiagen) and cleavage with adequate
restriction enzymes, the PCR fragment is cloned into MP13mp18RF (Strata-
gene) (15). The digestion product should be cleaned by phenol–chloroform
extraction followed by elution of the digest on columns P100. For the ligation
a three- to tenfold molar excess of the PCR fragment vs the vector is used. The
transformation is performed using XL2-Blue competent cells (Stratagene) (16).

Table 1
Sequences of PCR Primers and Southern Blot
Specific Probes, for Connexins Subunit Analysis

Identification of the - and -family connexins
Lo primer PCR1: 5'-TGGG(CAG)C(TG)GGA(CAG)A(CTG)GAAGCAGT-3'
Lo nested primer PCR2: 5'-TTCCCCATCTC(CTG)CA(CT)(GA)T(CTG)CG-3'
Up primer PCR1/2: 5'-GGCTGT(GA)A(CAG)AA(TC)GTCTGCTA(TC)GAC-3'

Confirmation of the identity of the connexins and exclusion of the genomic amplifi
cation multiplex PCR for Cx26 and Cx32

Lo primer PCR1: 5'-CGGA(CT)GTG(GA)GAGATGGGGAA-3'
Up primer Cx32 PCR1/2: 5'-CCCTACACAGACATGAGACC-3'
Up primer Cx26 PCR1/2: 5'-ACTCCGGACCTGCTCCTTAC-3'
Lo nested primer Cx26 PCR2: 5'-GTCGTAGCACACATTCTTACAGCC-3'
Lo nested primer CCx32 PCR2: 5-GTCATAGCAGACGCTGTTACAGCC-3'

Amplification of Cx36
Lo primer PCR1: 5'-GACAGTCGAGTACCGGCGTTCTC-3'
Lo nested primer PCR2: 5'-AACAGAGACTGGGGGTGCACACC-3'
Up primer PCR1/2: 5'-ATGGGGGAATGGACCATCTTG-3'

Southern blot specific probes
Cx26a: 5'-CATGATGTAAAAGACATACATGAAGACAGCTTCGAA

GATGACCCG-3'
Cx32a: 5'-CTTTACCTCTTCCAGGTGAAGGGGGTCCCCATGCCC-3'
Cx26: 5'-GTTTGTTGACACCCCCGAGGATGCTCTGGAGTGTGCC-3'
Cx32: 5'-TGCCGATTCACGCCACTGAGCAAGGTGTATAGACC-3'
Cx36: 5'-ATCGTACACCGTCTCCCCTACAATGGCCAC-3'

aThese specific probes hybridize wih the PCR2 product of the degenerated primers used for
the identification of the - and -family CXs.
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3.2.3.1.2. Plaque identification. Plaque identification is achieved by hybrid-
ization of the nitrocellulose filters (Scleicher & Schuel) with specific radiola-
beled probes. Cx subunit-specific oligonucleotide probes that are 30–45
nucleotides long are used. 5'-End radiolabeling of the oligonucleotide probes
is performed in a standard fashion:

2 µL of 10X ligation buffer
4 pmol of oligonucleotide
8 pmol [ -32P] ATP (>5000 Ci/mmol, Amersham)
water to a final volume of 19 µL

All these steps are performed on ice. After the addition of 1 µL of T4 poly-
nucleotide kinase (10 U, New England Biolabs), the reaction is incubated at
37°C for 30 min and then stopped by adding 30 µL of a 50 mM EDTA solution.
The 50 µL samples are loaded on chromatography columns (Bio-spin 6, Bio-
Rad) to elute only the radiolabeled probe.

The membranes are incubated overnight at 34°C with the radiolabeled
probes in the following hybridization solution: 0.5 L 2× hybridization buffer,
0.3 L formamide (Sigma) and 0.2 L water.

The stringency of the washing conditions depends on the probe that is used.
For our experiments the conditions were as follows: 2× washes with 0.5× saline
sodium citrate (SSC) (Amresco), the first one at room temperature and the
second at 56°C. The signal is detected by placing the dried membranes into an
autoradiographic cassette against an X-ray film (Kodak, X-OMAT AR) for
variable time depending of the strength of the signal and then developed (Hyper
Processor, Amersham Life Science).

One radiolabeled oligonucleotide should be designed to recognize all mem-
bers of the Cx family. In this way, a negative result obtained with the specific
probes and a positive one obtained with the nonspecific Cx probe indicates that
a new Cx might be expressed.

3.2.3.1.3. Sequencing. Southern blot results are confirmed either by direct
sequencing of the PCR product or by sequencing the DNA obtained after plaque
or colony picks. The negative plaques should mean that a new Cx is expressed
and then must be sequenced.

3.2.3.2. CONFIRMATION OF THE IDENTITY OF THE CXS

3.2.3.2.1. PCRs performed with specific primers. As indicated previously,
the possible repertoire of Cx subunit expression in identified neurons requires
confirmation by PCR experiments in which subunit-specific primers that span
an intron are used. Thus, if PCR experiments with the degenerate primers indi-
cate, for example, that Cx26 and Cx32 are coexpressed in a particular cell type,
this result needs to be verified by performing additional experiments in which
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PCR experiments with Cx26- and Cx32-specific primers are used (see Fig. 1,
no. 4.1., 4.2. and Table 1).

3.2.3.2.2. Multiplex PCRs. The aim of this step is to identify which Cxs are
coexpressed in the studied cells to confirm the PCR results obtained with
degenerate primers (see Note 6). For the PCR1, a 3'-degenerate primer located
on exon 2 is used with 5'-specific primers located on exon 1 that are specific
for each identified Cx (see Fig. 1, no. 4.1. and Table 1). These different prim-
ers are used at the same concentration. Two microliters of the PCR1 reaction
are used for the second PCR. The PCRs2 are performed with different sets of
specific primers for each identified Cx (see Fig. 1, no. 4.2. and Table 1). Also
these primers should be intron-spanning. The PCR protocols are identical to
those already described in Subheading 3.2.2.

3.2.3.2.3. Southern blot and sequencing. Diagnostic agarose gel electro-
phoresis of the PCR2 are performed and directly process for Southern blotting.
Southern blots with radiolabeled oligonucleotides specific for each identified
Cx are carried out systematically (Table 1). Agarose gels (as many as specific
radiolabeled probes) are incubated twice for 10 min in a denaturation buffer
and then blotted against a nylon membrane (Porablot). Covalent links between
the cDNA and the membrane are established with UV crosslinking. The mem-
branes are incubated overnight (shaking, 34°C) with the different radiolabeled
oligonucleotides, then washed and exposed against X-ray films. Direct sequenc-
ing of the PCR products obtained after multiplex PCR should be carried out to
confirm the specificity of the PCRs amplifications.

4. Notes

1. It is not possible to use ATP compounds (e.g., ATP-Mg) in the RT-PCR experi-
mental conditions because the internal solution has to be autoclaved to be sterile.
These compounds are degrated during the autoclaving procedure.

2. Biocytin or Lucifer Yellow filling of the cells with subsequent RT-PCR analysis is
possible. Biocytin (5%) or Lucifer yellow (1%) do not alter cDNA synthesis and
the PCR reactions. However, the autoclaving procedure of the internal solution
significantly diminishes the fluorescence of Lucifer Yellow. Another restriction of
these molecules is their long diffusion time of (at least 30 min for biocytin to study
properly dye-coupling between neurons) which increases the degradation of the Cx
mRNAs. In conclusion, these molecules, used in the RT-PCR conditions, are better
suited for the morphological characterization and localization of the injected neu-
rons rather than for the study of interneuronal coupling via Gjs.

3. In some cases, a neuronal subpopulation cannot be identified using electrophysi-
ological parameters only, but additional analysis of the expression of different
markers may be required. For example, three subpopulations among the medium
spiny neurons of the striatum cannot be revealed by an electrophysiological study
but only by analysis of the combination of the expression of two peptides mark-
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ers, substance P and enkephalin (10,11). It will be necessary in these cases to
couple the analysis of Cxs to that of different markers by single-cell RT-PCR.
This means that the RT product from one cell should be split into different
samples: one for the analysis of Cx expression and the others for the different
markers. As the Cx expression is quite low in neurons, this procedure will lead to
an important decrease of the efficiency of the Cx detection.

A solution may be to add a step after the RT: the reamplification of the total
cDNA (4,19). This procedure consists of:
a. Performing the RT with oligo(dT) that are extended at the 5' end with the T7

RNA polymerase promotor.
b. Once the cDNA synthesis is achieved, using the T7 RNA polymerase and

synthesizing amplified RNA (aRNA).
c. With random primers and Klenow enzyme, synthesizing the aRNA-cDNA hybrid.
d. Double-stranded cDNA synthesis.

In this way, larger amounts of total cDNA should permit to split the RT prod-
ucts into different samples without losing the efficiency for the Cx expression
analysis.

4. The single-cell RT-PCR technique has been used to study distribution of mRNAs
in neurites (20). Because the coupling sites between neurons seem to be localized
on the neurites, this approach could be a good alternative to study distribution of
Cx mRNAs.

5. The entire coding sequence of the Cxs are located on exon 2 except for the recently
cloned Cx36 (17,18). This Cx belongs to the d-family and is expressed specifi-
cally in the neurones. The degenerate primers proposed in this chapter are unable
to permit the amplification of the Cx36. For this reason, specific primers designed
for the amplification of this neuronal Cx are proposed as an alternative.

6. For members of the same family, such as Cxs, it is possible to perform multiplex
PCRs. Controls need to be performed that ascertain the amplification of all tran-
scripts with the primers that are chosen. Often, the optimal PCR conditions for
one template do not coincide with those of another one.
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Use of Retroviruses to Express Connexins

Jean X. Jiang

1. Introduction
Gap junction-mediated intercellular communications are known to be impor-

tant for tissue growth, differentiation, and signaling (1). To experimentally
probe the roles played by connexins in tissue development and function, we
describe here a retroviral approach that has been successfully used to express
nonviral exogenous connexins in embryonic chick lens in vivo (2). The expres-
sion of the retrovirally transduced connexin genes is found to be colocalized
with their connexin counterparts in vivo.

This avian retroviral helper-independent vector was originally developed
by Hughes and colleagues (3). These vectors utilize the same efficient and
precise integration machinery of naturally occurring retroviruses to produce a
single copy of the viral genome stably integrated into the host chromosome.
These vectors, derived from the Rous sarcoma virus (RSV), are transformation
defective and replication competent strains, suggesting that their amplification
is directly associated with host cell DNA replication and cell division. They
are capable of continuously spreading into dividing cells until cell prolifera-
tion ceases. Thus, if administered properly, virtually all of the virus-encountering
cells will be infected. Compared to avian replication competent retroviruses,
most murine retroviruses are of limited use for many in vivo studies, as they
induce effective gene transfer in only a small number of cells (4).

There are two potential applications of retroviral approaches in the study of
gap junction function. First, the retroviral vector provides a unique tool to trans-
duce full-length connexin or mutant genes into target organs in situ and to
study the effect of connexins on the development of various organs and tissues
during avian embryogenesis. Retroviral constructs containing viral proteins
(env, pol, and gag) conjugated with different connexins or their mutants can be
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microinjected into target organs or tissues and the developmental and func-
tional impacts of those genes can be analyzed directly. Second, it is known that
infection of DNA constructs into primary cell culture is often more difficult
and less efficient. The use of replication competent retroviral constructs elimi-
nates these problems and the efficiency of infection can be close to 100%.

After identification of specific connexin gene(s) and target organ(s) or tis-
sue(s) to study, the overall experimental approach should proceed in the fol-
lowing order (details described in Subheading 2.): (1) Clone exogenous
connexin gene(s) into retroviral vector in a two step process: first into an
adapter vector and then into a viral vector. (2) Prepare high-titer viruses from
packaging cell cultures. (3) Microinject retroviral vectors containing connexin
genes into target organs or tissues in situ or infect primary cell cultures. (4)
Analyze the consequences of exogenous gene expression by various biochemi-
cal and histochemical means.

2. Materials
1. CEF cells, retroviral vector, RCAS(A) were generously provided by Dr.

Constance Cepko’s lab (Harvard Medical School, Boston, MA). For RCAS(A),
RC stands for replication competent; A for avian leukemia virus; S for a splice
acceptor; (A) for a subgroup of retroviruses. Avian viruses have multiple enve-
lope (env) types, called subgroups A–E. Subgroup A envelope allows infection
of most commercially available chicken strains.

2. Anti-FLAG epitope monoclonal antiserum (M2) from mouse is from Sigma
(St. Louis, MO). The FLAG marker peptide is: NH3-Asp-Tyr-Lys-Asp-Asp-
Asp-Asp-Lys-COOH.

3. QT-6, a chemically transformed quail fibroblast cell line, is from ATCC
(Bethesda, MD).

4. Restriction enzymes, DNA polymerases, and T4 ligase are from New England
Biolabs (Revere, MA).

5. Klentaq and 10X Klentaq buffer are from Sigma (St. Louis, MO).
6. Deoxynucleotides triphosphates (10 mM) are from Sigma (St. Louis, MO). A

stock solution of 1.25 mM is prepared with distilled water and stored at –20°C.
7. Lipofectamine, Dulbecco’s modified Eagle medium (DMEM), and OPTI-MEM

are from Gibco (Grand Island, NY).
8. Fetal bovine serum (FBS) is from Hyclone (Logan, UT).
9. Chick serum is from Sigma (St. Louis, MO).

10. Gel isolation and large quantity DNA purification kits are from Qiagen (Santa
Clarita, CA). The experimental procedures are exactly based on the user’s manual
provided by the manufacturer.

11. P27 (antiviral protein gag) polyclonal antibody raised from rabbit is obtained
from SPAFAS (Norwich, CT).

12. Blocking solution (1% bovine serum albumin [BSA], 2% normal goat serum, 2%
fish skin gelatin, and 0.25% Triton in phosphate-buffered saline [PBS]).
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13. Peroxide stock solution (30%).
14. 3,3'-Diaminobenzidine tetrahydrochloride (DAB) from Sigma (St. Louis, MO).
15. Fertilized eggs from Specific Pathogen Free (SPF-standard) white Leghorn chick-

ens from SPAFAS (Norwich, CT). Prior to incubation at 37°C, fertilized eggs
can be stored at 14°C for no longer than 2 wk. The fertilized eggs are incubated
for the desired times in a humidified 37°C rotating wooden incubator from
Petersime (Gettysburg, OH) specially designed for hatching chick or bird eggs.

16. 70% Ethanol.
17. Small curved scissors and fine forceps (Storz, St. Louis, MO), previously soaked

in ethanol.
18. 18-gauge needle attached to a 5-mL syringe.
19. Scotch tape (1.2 cm width) and clear packaging tape (4.5 cm width).
20. Egg holder, homemade styrofoam rings with 2-inch diameter and one-half inch height.
21. Dissection microscope (Olympus SZ-4045 Zoom Stereomicroscope).
22. Fiberoptic dual light source (Olympus, Japan).
23. Microinjector (PLI-100 Picoinjector, Medical System, Greenvale, NY).
24. Micromanipulator (MM-33A, Sutter, Novato, CA).
25. Micropipet grinder (EG-40, Narishige, Japan) for beveling tips for microinjec-

tion pipets.
26. Vertical micropipet puller (P-30, Sutter, Novato, CA).
27. Approximately 10 glass micropipets (outer diameter, 1 mm; inner diameter,

0.75 mm, Sutter, Novato, CA); pull the pipets by a micropipet puller, break the
tip with forceps, and smooth the tip with a micropipet grinder.

28. Fast Green (0.25% in water), filter sterilized and stored frozen as aliquots.
29. Concentrated virus, store at –80°C, thaw, and place on ice.
30. Benchtop nonrotating incubator.
31. Tissue-Tek compound used to mount tissues for frozen sections is from Miles

Scientific (Naperville, IL).
32. Formaldehyde (16% stock solution), for cell fixation, is obtained from Electron

Microscopy Science (Ft. Washington, PA) and stored in the dark at 4°C.
33. Rhodamine-conjugated goat antimouse IgG or goat antirabbit IgG are from

Cappel (West Chester, PA) and are stored in the dark at 4°C.
34. Fluorescein isothiocyanate (FITC)-conjugated goat antirabbit IgG is from

Boehringer Mannheim (Indianapolis, IN) and is stored in the dark at 4°C.
35. Anti-rabbit or mouse alkaline phosphatase conjugated Ig is from Promega

(Madison, WI).
36. Pap pen for making wax rings is from Binding Site (San Diego, CA).
37. Vectashield® fluorescent mounting medium containing anti-quenching reagents

and ABC staining kit for immunohistochemical staining are from Vector Labora-
tories (Burlingame, CA). The ABC kit contains two solutions, avidin-DH and
biotinylated enzyme.

38. Superfrost® glass slides are from Fisher Scientific (Pittsburgh, PA).
39. HM505 cryostat from Microm (Walldorf, Germany).
40. Tmax 400 film is from Kodak (Rochester, NY).
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41. Lysis buffer (5 mM each of Tris-HCl, EDTA, and EGTA plus 10 mM
N-ethylamleimide, 2 mM phenylmethyllsulfonyl fluoride [PMSF] and 0.2 mM
leupeptin, pH 8.0).

42. Sample loading buffer 2× (0.05 M Tris-HCl, pH 6.8, 1% sodium dodecyl sulfate
[SDS], 2% -mercaptoethanol, 35% glycerol).

43. Nitrocellulose membrane for Western blot is from Schleicher & Schuell (Keene, NH).
44. Electrophoresis gel components: 30% bis-acrylamide solution, ammonium

persulfate, TEMED, Mini-Protean II Electrophoresis Cell, and Trans-Blot Electro-
phoretic Transfer Cell with plate electrodes are from Bio-Rad (Hercules, CA).

45. Resolving gel buffer, 1.5 M Tris-HCl, pH 8.8, stacking gel buffer, 0.5 M
Tris-HCl, pH 6.8.

46. Running gel buffer: 24.8 mM Tris base, 192 mM glycine, 0.1% SDS.
47. Fix/destain solution (10% glacial acetic acid, 20% methanol).
48. Transfer buffer: 24.8 mM Tris base, 192 mM glycine, 20% methanol. Make a 10×

stock of Tris and glycine and store at room temperature. Dilute to 1× and add
methanol just before use.

49. Blotto (10% nonfat dried milk and 0.02% sodium azide in PBS).
50. Secondary antibody washing buffer: 150 mM NaCl, 50 mM Tris-HCl, pH 7, 0.5%

Tween-20.
51. Nitroblue tetrazolium (NBT) (100 mg/mL in 70% dimethylformamide) and 5-bromo-

4-chloro-3-indolyl phosphate (BCIP) (50 mg/mL in 100% dimethylformamide) from
Sigma (St. Louis, MO).

52. Alkaline phosphatase reaction buffer: 100 mM Tris-HCl, 100 mM NaCl, 5 mM
MgCl2, pH 9.5.

53. All other chemicals and reagents are obtained from either Sigma (St. Louis, MO)
or Fisher Scientific (Pittsburgh, PA).

3. Methods
3.1. Making Retroviral DNA Constructs

Cloning of full-length connexin cDNA or connexin gene fragments into viral DNA
vectors involves two steps. First the DNA insert is cloned into an adaptor plasmid
and then into a viral vector. The adaptor plasmid called CLA12NCO was originally
constructed by Hughes et al. (3). This miniplasmid can convert virtually any DNA
segment into a ClaI fragment suitable for insertion into the retroviral vector (RCAS).
The CLA12NCO plasmid consists of a polylinker region with multiple restriction
enzyme sites (Fig. 1A) and start codon (ATG), which is encoded within the NcoI site.
There are two unique ClaI sites on both sides of the polylinker regions.

3.1.1. Polymerase Chain Reaction (PCR) to Make Connexin
DNA Fragments

1. Design primers for PCR. The 5' end sense strand PCR primer designed contains
the ATG starting codon encoded within an NcoI site and 15–18 additional coding
nucleotides (nt) downstream of the start codon sequence. The 3' end antisense
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strand primer includes the last 15–18 nt of the coding sequence, the FLAG epitope
tag sequence (5'-GACTACAAGGACGACGATGACAAG-3'), a stop codon, and
one of the restriction enzyme sites (i.e., EcoRI) present within the polylinker
region of CLA12NCO (Fig. 1A). Total length of the antisense primer is approx
50–60 nt (see Note 1).

Fig. 1. Maps of adaptor plasmid, CLA12NCO (A) and retroviral vector, RCAS (B).
PPH, E.coli replicon. The arrow points to the direction of gene transcription.
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2. PCR reactions. The typical PCR reaction in our experiments contains: 0.5 µg of
each connexin template, 100 picomol of sense and antisense primers, 200 µM
dNTP (8 µL of 1.25 mM stock), 5 µL of 10× Klentaq buffer (Sigma), and 0.5 µL
of Klentaq DNA polymerase (4.5 U) (Sigma) in 50 µL. Thirty cycles of the follow-
ing program are performed: 94°C for 1 min, 58°C for 1 min (depending on the Tm
derived from primer sequences. For the way to estimate Tm, see Note 2), and 72°C
for 1 min. The reaction is completed with a final extension for 10 min at 72°C.

3. Separate PCR products on a 1% agarose gel. Excise the DNA band from the gel
and purify it using a gel extraction kit (Qiagen) to elute DNA from the gel.

4. Digest purified PCR products with restriction enzymes in separation reactions,
NcoI for the 5' end and EcoRI for the 3' end. The choice of the restriction enzymes
is flexible for 3' end primers, as there are multiple restriction sites in the polylinker
regions, whereas the 5' end has to be a NcoI site encoding the start codon. Diges-
tion by certain restriction enzymes requires additional nucleotides flanking the
consensus sequences for optimum performance (see Note 1).

3.1.2. Making Adaptor Plasmid Containing DNA Inserts

The aforementioned restriction enzyme treated PCR products are subcloned
into the adaptor plasmid CLA12NCO. The CLA12NCO vector (shown in Fig. 1A)
is linearized by separate digestion with NcoI and EcoRI, and then is gel iso-
lated. Restriction enzyme treated PCR fragment and CLA12NCO are mixed at
molar ratio of 2–5:1 and the sticky end-ligation reaction is performed at 16°C
with T4-ligase for 16 h, and followed by transformation using competent cells
(i.e., DH5 ). The colonies on the culture plates are collected, inoculated over-
night at 37°C, and minipreps are obtained. The constructs with DNA inserts of
the correct size are selected and a large quantity of DNA is purified using a
DNA isolation kit (Qiagen) according to the manufacturer’s instructions. To
ensure the accuracy of these DNA sequences, the constructs are sequenced
using primers derived from CLA12NCO sequences.

3.1.3. Cloning into Viral Vector, RCAS(A)

The CLA12NCO vector containing the correct connexin gene is then
digested with ClaI and the resulting fragments are gel isolated. The linearized
viral vector, RCAS(A), is prepared by digestion with ClaI and pretreated with
alkaline phosphatase to eliminate the 5' end phosphate group, thus preventing
self-ligation of the vector. The DNA fragments with ClaI sites on both ends are
then ligated into ClaI linearized RCAS(A) and transformed into competent
cells (i.e., DH5 ). The constructs with the right size inserts are selected.
Because ClaI creates the same sticky ends on both 5' and 3' ends of the inserts,
DNA fragments can be inserted into RCAS(A) by both sense and antisense
orientations. The restriction enzyme SalI is used to distinguish these two possi-
bilities. There are two SalI sites: one at approx 900 bp downstream of the ClaI
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site on RCAS(A) plasmid (Fig. 1B), and another site is in the polylinker region
of CLA12NCO, downstream from the NcoI and EcoRI sites (Fig. 1A). The
arrow points toward the direction (counterclockwise) of the gene transcription.
If the DNA insert is in the correct orientation, SalI digestion should release a
fragment with 900 bp plus the size of the full-length inserts, whereas in the
wrong orientation the size of the excised fragment is approx 900 bp. Finally,
large amounts of RCAS(A) containing the subcloned connexins are prepared
using a Maxi-Qiagen kit. The DNA concentration is determined by spectro-
photometric reading at 260 nm (A260 × 50 × dilution factor = µg/mL) and is
confirmed by DNA band intensity comparison with a known concentration of
DNA molecular weight standard on agarose gels.

3.2. Preparation of High-Titer Viral Stocks and Titering

3.2.1. Preparation of High-Titer Viral Stocks from Primary Chick
Embryonic Fibroblast (CEF) Packaging Cells

Preparation of high-titer retrovirus from avian packaging cells is modified
from the published procedure (5). To obtain chick RCAS(A) retroviruses, CEF,
a virus packaging cell line, is commonly employed. CEF cells should be used
with the least possible passages to achieve high titer viral stocks.

The medium used for culturing CEF cells is DMEM supplemented with 10%
FBS and 2% chick serum.

1. Plate CEF cells at a density of 7.5 × 105 cells on a 60-mm culture plate the day
before transfection to reach 50–75% cell confluence for transfection (the cell
density is critical for transfection; see Note 3).

2. In 600 µL of OPTI-MEM, mix 4.5 µg of DNA with 36 µg of lipofectamine and
incubate for 20 min at room temperature. After incubation, dilute samples with
2.4 mL of OPTI-MEM and add it to CEF cells that have been prewashed once
with OPTI-MEM. Then, incubate cell cultures at 37°C for 6 h before adding
3 mL of medium (DMEM supplemented with 20% FBS and 4% chick serum).

3. Approx 2 d after transfection without changing medium, when cells are confluent,
split cells to a 100-mm plate. After cultures in 100-mm plates reach confluence,
split cells onto a 150-mm plate.

4. When confluent, split onto four 150-mm plates for preparation of viral stocks and
two 35-mm plates for analysis of gene expression. One 35-mm plate should con-
tain a 22 × 22 mm glass coverslip (see Subheading 3.4.1.).

5. Feed cultures daily with 10 mL of fresh medium (DMEM plus 10% FBS and 2%
chick serum) for each 150-mm plate until cells reach confluence. Begin collect-
ing the medium 2 d after cultures have reached confluence by filtering through a
45-µm (not 22-µm) pore-size filter to eliminate cell debris. Each day, collect,
pool, and filter the medium collected from 4 × 150 mm culture plates. Continue
this process for 3 consecutive days. Store the medium containing virions in a –80°

freezer for an unlimited period of time.
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To avoid repeated passages of the virion containing cells and decrease the
chance of cell contamination, an alternative, short protocol for preparation of
viral stocks is described including initial transfection followed by later infec-
tion procedures. The yield is compatible with the aforementioned multiple-
step preparation.

1. The day before transfection, plate CEF cells at a density of 2.5 × 105 cells on a
35-mm culture plate, instead of on a 60-mm plate.

2. In 200 µL of OPTI-MEM, mix 1.5 µg of DNA with 12 µg of lipofectamine and
incubate for 20 min at room temperature. After incubation, dilute samples with
0.8 mL of OPTI-MEM and add it to CEF cells that have been prewashed once
with OPTI-MEM. Then, incubate cells at 37°C for 6 h before adding 1 mL of
growth medium.

3. Two days after transfection, when the cells are confluent, feed cultures with
2 mL of fresh medium. The next day, collect the medium and store at –80°C.
Repeat medium change and collection for the following 3 consecutive days. These
aliquots contain low titers of viruses.

4. Prepare CEF cells, in parallel, on four 150-mm plates the evening before infec-
tion. This will result in a 20–30% confluence by the next day and will give better
infection results (see Note 3).

5. For infection, dilute 2 mL of medium collected in step 3 with 18 mL of culture
medium. Add 5 mL of this 1:10 dilution to each 150-mm plate and incubate for
2 h at 37°C. Then add additional 10 mL of fresh culture medium to each plate.
Change medium daily until cells are confluent. Change with 10 mL of fresh
growth medium, collect the next day, and pool the medium from four 150-mm
plates. Filter the collected medium through a 0.45-µm filter and store at –80°C.
Keep feeding cells and collecting medium daily for 3–4 d.

3.2.2. Concentrate Viral Stocks

1. Prior to centrifugation to concentrate viral stock, rinse Beckman SW28 rotor
buckets and tubes with 70% ethanol and dry them under UV in the culture hood
overnight (maintain sterile conditions for preparation of viral stocks; see Note 4).

2. Thaw collected culture medium containing virions, stored at -80°C, on ice. Divide
40 mL of medium collected from four 150-mm plates into two centrifuge tubes and
centrifuge them at 72,000g (Beckman SW28 rotor, 20,000 rpm) for 2 h at 4°C.

3. Carefully decant supernatant and aspirate the residual liquid attached to the inside
wall of the centrifuge tubes starting 0.5 cm from the bottom of the tube. Resus-
pend the viral pellets with a residual amount of medium (~50 µL) and shake
vigorously on a platform shaker for 2 h at 4°C. Then aliquot resuspended viruses
(10 µL each into 0.5-mL Eppendorf tubes) and store at –80°C for an unlimited
period of time. This step concentrates the viruses up to 500-fold.

3.2.3. Titering Viral Stock

The concentrated viruses are titered according to a modified procedure (6),
using quail QT-6 cells. This cell line can reach only < 50% spreading even
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with prolonged cell passages, thus providing an ideal culture system for the
titering assay.

1. The day before titering, plate QT-6 cells (approx 2 × 105 per well) into six-well
culture plates in the same culture medium as for CEF cells.

2. Make serial dilutions (104, 105, 106, 107, and 108) of concentrated viral stocks
with culture medium and add separately 0.5 mL of each dilution to five wells of
a six-well culture plate. The sixth well is a nonviral infection control. Incubate
plates for 3 h at 37°C and then add an additional 0.75 mL of culture medium.

3. After approx 48 h of incubation, when cells reach about 100% confluence (the
confluence is very critical for the success of titering assay; see Note 5), fix cells
with 4% paraformaldehyde (diluted in PBS from a 16% stock solution) (see Note 6)
for 10 min and wash 3× with PBS, 5 min each.

4. Incubate cells with 1 mL of blocking solution containing 2% normal goat serum,
2% fish skin gelatin, 0.5% Triton X-100, and 1% bovine serum albumin (BSA) in
PBS for 30 min.

5. To determine the expression of gag, one of the viral proteins, use 1 mL of rabbit
polyclonal antiserum P27, at a 1:150 dilution (in blocking solution) for 1 h at
room temperature.

6. Detect antigenic signals using the ABC kit exactly as indicated in the manu-
facturer’s instructions. In brief, first incubate cultures with 1 mL of biotinylated
anti-rabbit antibody (1:200 dilution) in blocking solution for 1 h and then wash 3×

with PBS. ABC staining steps include mixing four drops of solution A and B each
into 10 mL of 1% normal goat serum in PBS (this solution needs to be prepared at
least 30 min earlier) and adding 1 mL of ABC solution to the cells for 30 min.

7. Wash the cells 3× with PBS and incubate with 80 µL of 1% peroxide (prepared
by diluting a 30% stock solution with PBS) plus 8 mL of 3,3'-diaminobenzidine
tetrahydrochloride (DAB) (160 µL of 10 mg/mL DAB in 8 mL of PBS). The
staining process lasts for approx 5 min until the development of a brownish color.
Stop the reaction by washing 3× in PBS. Identify positive colonies as clusters of
brownish-colored cells and count the clusters to obtain the titer, defined as
colony-forming units per milliliter (cfu/mL). For example, if we count 15 colo-
nies in 107 dilution wells, the viral titer should be 15 × 2 (add 0.5 mL instead of
1 mL) × 107 = 3 × 108 cfu/mL. The good virus titers we have obtained are approx
1–5 × 108 cfu/mL after concentration.

3.3. Microinjection and Expression of RCAS(A) Connexin
Constructs into Chick Embryos In Situ

To examine the roles played by connexins in chicken embryonic develop-
ment, the retroviral transduced connexin genes can be delivered into certain
regions of chick embryos at various developmental stages. By varying the site
and time of infection, targeted gene transfer can be confined to certain selected
populations of cells without the need for tissue-specific promoters. For
example, during early development of the eye lens, formation of the lens vesicle
with a central lumen provides an ideal site for microinjection of retroviral con-
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structs to infect surrounding lens cells (2). After injection, the embryos can
resume their development, thus permitting analysis of the result of forced
connexin expression and of the manipulation of cell–cell communication in
situ within the living organism. The microinjection of virus into chick embryos
is partially based on a published procedure and the setup is shown in Fig. 2 (6).

3.3.1. Procedures for Microinjection

1. Warm fertilized eggs to room temperature and then incubate them in a humidi-
fied, rocking incubator approx 37.5°C for the designated time. The incubation
time depends on the developmental stage required for injection. Detailed criteria
for determination of the developmental stage are described by Hamburger and
Hamilton (7).

2. Pull glass micropipets with a micropipet puller, break the tips using a pair of
forceps, and grind them to make smooth tips. The diameter of broken tips is
approx 0.5 µm.

3. Remove a batch of eggs from the incubator, drench with 70% ethanol, and air-dry.
4. Lay an egg on its side in an egg holder and use an 18-gauge needle attached to a

5-mL syringe to produce a small hole at the larger end of the eggs. Insert the
needle about 0.5 cm into the albumin at a steep angle to avoid hitting the yolk and
withdraw 2–3 mL of albumin and discard. (If some of the yolks are withdrawn,
discard the egg). Seal the holes with Scotch tape.

Fig. 2. Setup for microinjection of retroviruses into chick embryos. An egg with an
open shell exposing the embryo to be injected is shown.
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5. Locate the embryo by turning off the main light sources in the room and directly
illuminate the egg with a fiberoptic light source. Circle the embryo shallow with
a pencil on the shell of the egg and attach a piece of transparent packaging tape
on the top. Use small curved scissors to cut through the transparent tape to pre-
vent small pieces of shell from falling into the egg. Open and enlarge the hole to
approx 2 cm in diameter following the pencil marks to expose the embryo for
injection.

6. Illuminate the embryo with fiberoptics light source under a dissection micro-
scope. Embryos younger than 2 d can usually be injected directly. Embryos older
than 2 d require additional preparation because of a thickening and increased
vascularization of the embryonic membranes. With fine dissecting forceps and
scissors, cut off the amnionic membrane directly overlying on top of the embryos.
Try not to cut too widely, otherwise the embryos might sink into the yolk mass,
and avoid touching blood vessels if possible. Cover the opening with the lid of a
60-mm Petri dish and set aside.

7. Dilute 1 µL of 10× Fast green into one vial (10 µL) of concentrated viral stocks.
Centrifuge for approx 10 s in a benchtop microcentrifuge (10,000g) at 4°C to pellet
off big chunks of undissolved material, which might clog the micropipet tip. Keep
the virus stock on ice during microinjection process. One virus stock can be used to
inject a batch of embryos (usually about a few dozen per experiment).

8. Insert a micropipet into the microinjector tubing attached to a micromanipulator.
Place 1 µL of Fast Green containing viral stock on a piece of parafilm, and lower
the tip of the micropipet into the viral stock. Fill the micropipet with viral solu-
tions. Place the tip of the filled micropipet in sterile saline whenever there is a lag
in the procedure.

9. Lower the micropipet into the target region of the embryo using a micromanipula-
tor. For injection into the embryonic eye lens, adjust light source until the outline of
lens vesicle is visible.

10. Inject about 0.05–0.5 µL of viral stocks. The electrode is not calibrated and it is
recommended that as much as possible be injected. After injection, reseal the
hole with the packaging tape (4.5 cm width) and return to a benchtop incubator
without rotating motion at 37°C.

3.3.2. Preparation of Tissue Sections

After incubation of virus-injected embryos in a benchtop incubator for the
designated time, dissect out the organs or whole embryos where viruses have
been injected. By now, the overall changes (i.e., size, shape, developmental
defects, etc.) can be examined and recorded. To study the results in more detail,
tissue sections are prepared as follows:

1. Wash organs or whole embryos with PBS and fix with 2% paraformaldehyde
(see Note 6) in PBS for 30 min.

2. After fixation, immerse the specimen into 1 M sucrose and saturate cells with
sucrose molecules. Sucrose can prevent ice particle formation inside the organ
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during the freezing process, thus minimizing any tissue damage. Tissues will
first float on the surface because of the high density of the sucrose, but they will
gradually sink to the bottom of the container as sucrose molecules permeate the
specimens. The bigger the specimen is, the longer it takes to sink to the bottom
The time varies from a few hours to overnight.

3. Make cone-shape freezing tissue holders by wrapping aluminum foil around the
bottom end of an Eppendorf tube used as the mold. Put one or two drops of
Tissue-Tek (Miles Scientific) OCT compound into the holder. Immerse tissues
into OCT compound under the microscope and adjust them with forceps to ensure
a proper orientation. Quickly freeze them by immersion in liquid nitrogen and
store at –80°C for an unlimited period of time.

4. Prepare tissue sections using an HM505 cryostat (Microm, Walldorf, Germany).
Unwrap the tissues from aluminum foil holders, mount them on disc holders fitted
with a cryostat using a drop of OCT, and fix them by freezing them inside the
cytostat until the OCT hardens and turns whitish. Collect 10–15-µm thick sections
onto Superfrost® glass slides (Fisher Scientific) and store those slides at –80°C.

3.4. Connexin Expression

3.4.1. Detection of Connexin Expression During Viral Stock
Preparation Process

During the amplification steps for viral stock preparation, expression of viral and
inserted connexin genes can be examined. As described in Subheading 3.2.1.,
step 4, cultures are split from one 150-mm plate to four 150-mm plates and two
additional 35-mm plates, one of which contains a 22 × 22 mm glass coverslip. Once
cultures in these two 35-mm plates are confluent, they can be used for detection of
viral and inserted gene expression either by immunofluorescence or by Western blot.

3.4.1.1. IMMUNOFLUORESCENCE STAINING

1. After an initial wash (3× with PBS) of the 35-mm cultures with a glass coverslip
inside, cells are fixed with 1 mL of 2% paraformaldehyde in PBS (diluted from a
16% stock solution) (see Note 6) for 30 min. After fixation, rinse 3× with PBS
and then incubate in blocking solution (see Subheading 3.2.3., step 4 for its
composition) for 30 min.

2. To detect expression of the viral protein gag, incubate cells with 1 mL of anti-gag
antibody (P27, 1:150 dilution) for 1 h and wash 3× with PBS. To detect connexin
insert expression, incubate cells with corresponding a 0.5 mL of anti-connexin
antibody or anti-epitope tag FLAG antibody (10 µg/mL) for 1 h. Incubation at
4°C overnight can enhance the specificity of the signal.

3. Wash cells 3× with PBS and incubate for 1 h at room temperature with 0.5 mL of
rodamine or fluorescein FITC conjugated anti-rabbit or anti-mouse secondary
antibodies, at a 1:500 dilution (see Note 7).

4. After secondary antibody incubation, wash the cell with PBS 3×. Pick up the
glass coverslip from a 35-mm plate with cultures on top, flip it over, and place it
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on a drop of mounting medium (Vector Laboratories) on the surface of a glass
slide. Immobilize the glass coverslip with nail polish.

5. Examine immunostaining using a fluorescence microscope and record images
with a cool-headed digital camera or on film (Tmax 400, Kodak, Rochester, NY).

3.4.1.2. PREPARATION OF A CRUDE MEMBRANE AND WESTERN BLOTTING

Because connexins are transmembrane proteins, separation of a crude mem-
brane fraction from soluble components prior to Western blotting helps to con-
centrate the samples and to decrease the possible interference of signals from
soluble proteins.

1. Wash the cells 3× with PBS.
2. Scrape the virus-infected cultures from a 35-mm culture plate with a rubber

policeman with 1 mL of lysis buffer. Disrupt cells by repeated passages (20×)
through an 18-gauge needle in lysis buffer.

3. Centrifuge whole cell lysates in a Beckman SW60 Ti rotor, 100,000g (28,000 rpm)
for 30 min. Discard the supernatant and resuspend the pellet in 25 µL of PBS. Add
25 µL of 2× concentrated sample loading buffer (0.05 M Tris-HCl, pH 6.8, 1%
SDS, 2% -mercaptoethanol, 35% glycerol) and boil for 5 min. Separate proteins
on a 10% SDS-polyacrylamide gel (SDS-PAGE), using a minigel apparatus.

4. Transfer proteins to a nitrocellulose membrane at 75V for 1 h with ice-cold gel
transfer buffer. Transferred proteins are visualized by immersing the nitrocellu-
lose membrane in 0.2% Ponceau S (in 1% acetic acid) until the pink protein bands
are visible. Mark the positions of molecular weight standards with a ballpoint pen
and rinse off the red Ponceau S staining with repeated washes in distilled water.

5. Block membranes with 5 mL of Blotto (10% nonfat dried milk and 0.02% sodium
azide in PBS) for 1 h with constant shaking. Wash twice with PBS and add 5 mL
of primary antiserum dissolved in PBS plus 0.5% Tween-20 for 1 h. To detect
FLAG tagged connexin insert expression, dilute anti-FLAG antibody (Sigma) to
10 µg/mL. When using connexin antibodies, dilute them according to the recom-
mendations of the supplying laboratory or manufacturer (see Note 8).

6. Wash 3×, 5 min each with secondary antibody washing buffer: 150 mM NaCl,
50 mM Tris-HCL, pH 7, 0.5% Tween-20. Add 5 mL of secondary antibody,
antirabbit or antimouse alkaline phosphatase conjugated Ig (1:5000) (Promega)
to the aforementioned secondary antibody washing solution for 1 h. Visualize the
results by alkaline phosphatase substrates, 33 µL of NBT (100 mg/mL in 70%
dimethylformamide) and 33 µL of BCIP (50 mg/mL in 100% dimethylformamide)
dissolved in 10 mL of alkaline phosphatase reaction buffer (100 mM Tris-HCl,
100 mM NaCl, 5 mM MgCl2, pH 9.5). Stop the reaction when the color is developed.

3.4.2. Immunostaining of Tissue Sections Infected with RCAS(A)
Constructs

1. Prior to staining, leave slides (prepared as described in Subheading 3.3.3.) on
the bench top for a few minutes to let the condensation accumulated during the
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freezing process dry up. Fix the slides in ice-cold acetone for 3 min and dry at
room temperature.

2. Make wax circles, using a pap pen (Binding Site, San Diego, CA), surrounding the
tissue sections (try to enclose the least empty space possible), and let the wax dry.

3. Place PBS into the circled area (make sure that the liquid does not leak), incubate
for 5 min, and aspirate. Add blocking solution (see Subheading 3.2.3., step 4,
for its composition) for 30 min.

4. Wash and incubate with primary and secondary antibodies exactly as described
in Subheading 3.4.1.1. For tissues containing the same connexins as retroviral
transduced ones, anti-FLAG antibody can be used to detect expression of the
virally delivered exogenous connexins.

5. After immunostaining, add a drop of mounting medium, carefully cover the sec-
tion with a glass coverslip (slowly and avoiding trapping any air bubbles), and
immobilize it with nail polish.

6. Observe under a fluorescence microscope and store images with a digital camera
or on film using a regular camera.

4. Notes
1. For amplification of PCR fragments for cloning into CLA12NCO, the primer for

the region containing restriction sites needs to be carefully designed. Certain
restriction enzymes require some additional nucleotides surrounding the restric-
tion consensus sequences; otherwise the activities can be dramatically lower (for
reference see the 1998/99 Catalog of New England Biolab, Appendix “cleavage
close to the end of DNA fragments,” pp. 258–259). It is also a good idea to per-
form the restriction digestion separately by using two different enzymes unless
both enzymes use exactly the same buffer at the most optimal conditions. Sec-
ond, make sure that the coding sequence does not contain additional sites recog-
nized by these restriction enzymes. In one instance, there are two additional NcoI
sites within the connexin56 (Cx56) sequence, necessitating triple ligation reac-
tions with three fragments.

The following is an example of a pair of PCR primers designed to make full-
length Cx45.6 fragment for cloning into CLA12NCO vector:
Sense primer: 5'-CGGAATTCCATGGGTGACTGGAG 3'
Antisense primer (Flag sequence underlined): 5'-GCGAATTCTTACT
TGTCATCGTCGTCCTTGTAGTCTACAGTCAGATCGTC-3'.

2. Estimation of approximate Tm is based on the following equation (10):

No. [G + C] × 4°C + No. [A + T] × 2°C = Tm

3. For initial transfection by DNA constructs and infection by viral stocks, the cell
culture density is very critical. For transfection, the optimal density is approx
50–75% confluence, whereas best results for infection are obtained when cells
are approx 20–30% confluence.

4. The entire procedure of preparation of viral stocks takes about 2 wk to accom-
plish. All of the steps have to be performed under sterile conditions, as bacterial
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contamination of the injected material can cause lethality to chick embryos. Each
batch of viruses can be tested for contamination by incubating 1 µL of concen-
trated viral stock in 1 mL of culture medium at 37°C for a few days. If viral
stocks get contaminated, yeast or fungus will grow in those mediums. In addi-
tion, care must be taken to prevent cross-contamination of different viral produc-
ing cells because RCAS-based viruses can spread! One might want to handle one
type of cells at any given time in the tissue culture hood, and avoid repeated
pipetting to minimize chances of carrying over viruses.

5. For titering viruses, cultures of infected QT-6 cells need to be 100% confluent.
The empty spaces between cells may cause problems by creating artificial sig-
nals, as peroxidase staining tends to give very strong false-positive signals for
cells along the edges of empty spaces.

6. For fixation of the tissues or cell cultures, a final concentration of 1–4% formal-
dehyde is adequate for most purposes. It should be noted that a higher concentra-
tion of formaldehyde might disrupt the antigenicity of certain epitopes, especially
of those recognized by monoclonal antibodies.

7. For immunofluorescence staining of cell cultures or tissue sections, red-fluores-
cent rhodamine is more stable and less light sensitive than green-fluorescent
FITC. However, fluorescein staining is likely to give lower background.

8. Anti-FLAG monoclonal antibody (Sigma) works well for both immunoblots and
immunostaining of frozen tissue sections and cell cultures with low background
labeling. For connexin antibodies, there are two resources, one prepared
from individual research laboratories, and another from commercial sources.
Commercially available antibodies include anti-Cx26, 32, 40, 43, and 50 from
Zymed Laboratories (South San Francisco, CA) and Chemicon (Temecula, CA).
The working concentrations are based on the manufacturer’s recommendations.
The antibodies we used, anti-Cx45.6 and Cx56, are prepared from fusion
proteins, and glutathione-S-transferase (GST) plus C-terminal portions of
connexins, and polyclonal antibodies are raised from rabbit (Pocono Rabbit Farm,
Canadensis, PA). The detailed procedures are described in Jiang et al (8). Because
rabbit serum will contain anti-GST antibodies and other nonspecific antibodies in
addition to anti-connexin antibodies, further purification steps are needed, fol-
lowing the procedures detailed by Harlow and Lane (9). After affinity purifica-
tion, we normally used 1:500 dilution of antibodies for immunoblots and
immunofluorescence staining.
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Spatiotemporal Depletion of Connexins
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1. Introduction
Antisense oligodeoxynucleotides have considerable potential as agents for

the manipulation of specific gene expression (1–3). They function by enter-
ing the cell and binding to the messenger RNA (mRNA), thereby blocking
protein translation (see Note 1). The short half-life of oligonucleotides can be
overcome, sustained delivery can be achieved, and specific tissue targeting
can be obtained using a Pluronic gel delivery system. It is therefore possible to
gain an understanding of the roles of connexins, which are expressed in dynamic
and spatially controlled patterns, through transient reduction in the expression
of specific connexin proteins. This leads to dramatic but precisely defined aber-
rations in embryonic development, for example (3). The major advantage of
the approach is the ability to achieve spatiotemporal regulation of connexin
gene expression while reducing some of the problems associated with gene
knockout approaches (see Tables 1 and 2).

In this chapter we describe the use of antisense oligodeoxynucleotides and a
Pluronic F-127 gel delivery system to regulate specific connexin expression.
Pluronic gel is liquid at low temperature (4°C) but sets as it warms to physi-
ological temperatures. It is a mild surfactant that aids antisense penetration
into cells (it is used as a cell loading reagent at lower concentrations [4]), and
acts as a reservoir providing sustained release of the antisense oligonucleotide
being applied. This helps reduce the effect of intracellular nuclease breakdown.
The gel also allows the use of oligonucleotides at relatively low concentra-
tions, reducing artifacts that can occur at higher dose levels, including nonspe-
cific imperfectly matched mRNA binding (5,6) and the accumulation of
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nucleotide and nucleoside breakdown products which can effect cell proliferation
and differentiation (2). Finally, the gel can be precisely placed onto the target tissue.
In a further modification of the technique, plugs of antisense oligonucleotide
containing gel are injected directly into tissues. With these methods it is possible to
achieve connexin knockdown for 24–48 h using unmodified antisense oligonucle-
otides providing precise spatiotemporal control of connexin gene expression.

2. Materials
Materials and equipment required will vary depending on the application

envisaged. Those listed in the following subheadings cover the specific examples
given in this chapter; suppliers listed are those that we have used.

2.1. Equipment

1. Vortex mixer (e.g., VF2–IKA Labortechnik).
2. Rocking agitator.

Table 1
Advantages of an Antisense Oligodeoxynucleotide Knockdown Approach
Compared with the Gene Knockout Approach
for Regulating Gene Expression

Antisense oligodeoxynucleotides Gene knockout

Ease of use Specialist equipment required

Species optional Suitable for a limited number of species

Dose controllable On or off

Low cost Expensive to set up, colony expen-
sive to maintain

Transient (temporal specificity) Early developmental events may
occlude later events

Site directable (spatial specificity) Perturbations in one area may mask
others, internal controls are not
possible

Compensation by related gene family Compensation by other members of a
members less likely (3,15) gene family (16)

Incomplete (knockdown, not knockout) Phenotypes may be lethal
allowing analysis where knockout is lethal

Naturally occurring

Clinical application possible
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3. 200-µL Pipetman (Gilson).
4. Fine curved scissors (Dupont) and fine forceps (Dupont Inox no. 5).
5. Confocal laser scanning microscope (Leica TCS 4D) or epifluorescence micro-

scope (to check penetration of fluorescein isothiocyanate [FITC]-tagged
oligodexoynucleotides).

6. Egg Incubator (Domex, Dominion Industries, Hamilton, New Zealand).
7. Cell culture incubator (carbon dioxide).
8. Stereotactic table and micrometer stage (to hold animals for accurate lesioning

and antisense application in brain lesion studies).
9. Dental drill and 0.5-mm diameter grinding tip (Emesco Dental) or engraving tool

(Arlec Engraver).
10. Vibratome (Oxford Laboratories, USA).

2.2. Chemicals

1. Antisense oligodeoxynucleotides (Oligos Etc., Eugene, OR).
2. Pluronic F-127 gel (BASF; also available through Sigma).
3. Dimethyl sulfoxide (DMSO) and hydrogen peroxide (Sigma).
4. Culture medium (depending upon cell type being studied) and Opti-MEM reduced

serum medium (Gibco-BRL).
5. Phosphate buffered saline (PBS) (Oxoid, Basingstoke, UK).
6. Rotring ink (Rotring Gmbh, Germany).
7. 70% Ethanol, Ringer’s solution.

Table 2
Some Disadvantages of the Antisense Oligodeoxynucleotide
Knockdown Approach Compared with the Gene Knockout
Approach for Regulating Gene Expression

Antisense oligodeoxynucleotides Gene knockout

Short half-life (breaks down) Stable

Potential nonspecificity Highly specific

Multiple mechanisms may operate (mRNA Single mechanism
binding, DNA triplet formation)

Transient (less useful for low turnover Total
proteins and extended events)

Incomplete (knockdown, not knockout so Knockout is complete
interpretation may be more difficult)

Each animal is affected to a different degree A stable population may be obtained

Permeability (Access and delivery may be
variable)
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8. Disposable scalpel blades (nos. 11, 15, 22); 5-mL and 1-mL syringes; 21G (0.8 ×
38-mm) and (19G (1.1 × 38 mm) syringe needles (Beckton Dickinson).

9. 50-mL Disposable screw capped tubes (Sarstedt or Falcon).
10. 1500-mL Eppendorf tubes (Eppendorf) and 200-mL Pipetman yellow tips (Costar).
11. Sellotape (regular, not Magic tape) T3 silk sutures (Deknatel).

3. Methods
3.1. Oligodeoxynucleotides

1. Antisense oligodeoxynucleotides (ODNs) need to be approx 18–30 bases in
length; longer ODNs are less able to penetrate to the cell, shorter ones may be
less specific.

2. In designing suitable ODNs you must identify sequences that will not form stem
loop structures or stable secondary structures (homodimerization or hetero-
duplexs), or at least have loop melting temperatures below that at which the
experiments will be carried out (7). A number of computer programs are avail-
able to provide this information, or use one supplied by the ODN supplier (e.g.,
OligoTech from Oligos Etc., Eugene, OR, USA). Avoid more than three guanines
in a row. ODNs directed against mRNA hairpin stem regions should be avoided
even though the predicted folding pattern may not necessarily be that occurring
in the cell. Hairpin stems in target mRNA can be predicted using computer pro-
grams such as GENEWORK (Oxford Molecular Group). An increasing number
of computer programs are in fact available to assist in ODN design (MacVector
and GENEWORK from Oxford Molecular Group, Oligo from National Bio-
sciences). Oligo, for example, is able to predict all possible target positions on
the mRNA of interest for ODNs of any given length; the complementary sequences
then become candidate ODNs. ODNs must be specific to the connexin(s) of
interest and ODN sequences should be aligned carefully with genes such as the
other members of connexin family to ensure there are no homologous regions of
more than eight continuous bases matching. Finally the ODN should also be
checked against databases (GenBank/EMBL/DDBJ/PDB) to eliminate obvious
homologies with unrelated but potentially perturbable genes.

3. The ODN must also be capable of binding to your mRNA at physiological tem-
peratures. The computer programs listed previously will also predict the melting
temperature (Tm) of an antisense for an unstructured RNA. Your antisense needs a
higher than average Tm for the target RNA. For example, two of the antisense ODNs
we use against Cx43 mRNA have primer to target Tms of 78.1°C and 69.1°C.

4. We have found 0.5–1.0 µM oligonucleotide concentrations most effective and
have observed nonspecific toxicity effects with some applications above 10 µM
concentration. Preliminary screens for characterizing the efficacy is essential and
should be carried out at concentrations between 0.05 µM and 50 µM.

5. One advantage of the Pluronic gel delivery system is that unmodified phospho-
diester oligomers can be used, the gel reservoir replacing oligonucleotides as
they are degraded by nucleases. Modified ODNs are not recommended as they
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may cause artifacts (see Note 2, however).
6. For some ODNs addition of 1% DMSO to the gel may increase efficacy of the

antisense, presumably by aiding entry into the tissue of interest. This should be
avoided if possible however, it adds another variable to be controlled for.

7. Some researchers have noted that oligonucleotides from some suppliers are bet-
ter than others. It may be necessary to design several probes before finding one
that works well in blocking translation of the protein of interest (see Note 3).

3.2. Pluronic Gel

1. Prepare a 25–30% w/w solution of Pluronic F-127 gel (BASF) in PBS (molecular
grade water). The percentage concentration determines the softness and persis-
tence of the gel. Higher concentrations may set too quickly, but stay in place
longer before dissolving away. The gel may take 24–48 h to dissolve and is best
done on a rocker at 4°C. It will not dissolve at room temperature (which is above
the setting temperature) and shaking or stirring the solution vigorously simply
causes frothing.

2. Add the ODNs (antisense or controls) to the desired concentration, and thor-
oughly vortex-mix several times, keeping on ice between mixes. The mixture can
then be aliquoted in 1.5-mL Eppendorf tubes and stored at –80°C. Alternatively,
aliquot the ODNs in stock solutions of 50–100 µM stored frozen and prepare
fresh for each experiment from a stock of gel kept at 4°C.

3. Typically 5–10 µL of gel should be applied, depending on the area of tissue to be
covered, by using a chilled 0.5–10-µL pipet tip. Because the gel sets rapidly it is
necessary to work swiftly during the application process and the gel must be kept
on ice. A fresh tip should be used for every application.

4. Although the antisense is essentially single-stranded DNA it is recommended
that RNAse free conditions be used where possible.

3.3. Controls

Controls are essential and specific inhibition must be demonstrated. To check
for tissue sensitivity to the loading technique use gel-only controls. To check for
specificity of the antisense of interest use nonspecific oligomers which must be
designed under the same conditions (check for the probability of homodimerization
and hairpin looping; check that they do not recognize any other protein sequences
in the species of interest which might be effected). The random control ODNs
should have a similar base composition to the antisense ODN.

1. Sense controls can be useful. These can be used independently but beware that
stable DNA triplets can be formed, in some instances giving a similar result to
the antisense ODN of interest (8). Sense controls can also be premixed with the
antisense at equal concentrations in a competition control.

2. Check for depth of penetration and the time course of entry of antisense into a
tissue by using ODNs with a label tag. A number of options are available from an
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ODN supplier including Biotin and fluorescent tags. We use a fluorescein tag in
conjunction with confocal laser scanning microscopy which provides direct imag-
ing of penetration without the need to section the sample.

3. It is important to check that the protein of interest is being knocked down and that
any biological effects seen can therefore be attributed to this. Use immunohis-
tochemistry to follow connexin expression in experimental and control tissues to
confirm that your ODN is specific to the connexin of interest (and you are not
knocking down other connexin types in a nonspecific manner). We have not
observed compensation through up-regulation of other connexin types but this
should also be checked in any experimental model used. Immunohistochemistry
will also provide the time course for knockdown and recovery. It has distinct
advantages over Western blotting in providing spatial distribution of protein
knockdown in targeted tissues, and with confocal microscopy enables rapid quan-
tification of protein expression (9,10). Northern blots and RNase protection
assays are of little use in determining antisense ODN efficiency.

4. It should be possible to replicate the same biological effect using another
antisense to the gene of interest. We have, for example, used two different ODNs
to knock down Cx43 in the chick embryo, both giving similar effects which are
quite distinct from toxicity effects.

5. Addition of Rotring ink (Rotring GmbH, Germany) to the gel can help in check-
ing placement on the tissue, and in determining how long it remains in position.
In tissues undergoing much movement the gel will dissipate more rapidly but in
most cases it will remain in place for at least 12 h.

3.4. Chicken Embryos

The Pluronic gel antisense ODN approach is ideal for studying connexin
roles during development of the chick embryo (see Note 4).

1. Fertilized eggs (see Chapter 9 in this volume for more details on the manipulation
of fertilized chick eggs) should be incubated at 38°C and staged according to
Hamburger and Hamilton stages (11). On removal from the incubator eggs are
rotated 10× to ensure that the embryo is floating free at the top of the egg.

2. Clean eggs with 70% alcohol and then make a small hole with sterile forceps into
the blunt end of the egg where the air sac is found. Insert a 21G (0.8 × 38-mm)
hypodermic syringe with the needle vertically through the hole to the bottom of
the egg and withdraw a small amount (< 1 mL) of albumin.

3. Place Sellotape over the top of the egg and make a small hole through the tape
and shell using forceps. A larger hole or window can now be cut from this start
point in the top of the shell using small fine scissors (12).

4. Once the egg has been windowed the vitelline and amniotic membranes over
the area to be treated are gently opened using fine forceps; it is necessary to
remove these membranes to achieve antisense penetration of the tissue of inter-
est. Take care not to damage the embryo or associated blood vessels. At early
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stages of development a 30% rotring or India ink–PBS solution can be injected
under the amniotic sac to reveal the outline of the embryo more clearly.

5. Pluronic gel (5–10 µL) is applied to the target site. The drops of gel can be placed
with high accuracy to parts of an embryo, tissue, or organ culture, and will mold
around the site of application and set in place as they do so. The volume of the
drops can be varied as required for the experiment and applications can be repeated
at later time points if required.

6. Following Pluronic gel application eggs are sealed with Sellotape and replaced in
the incubator where they develop until ready for analysis of protein knockdown
or developmental perturbations (see Fig. 1).

3.5. Rat Brain Lesions

The Pluronic gel plug-antisense ODN method has been used to study the
effect of Cx43 knockdown during astrocytosis which occurs following
lesioning of the cerebral cortex of the mammalian brain.

1. Anesthetize animals and hold the head in a stereotaxic clamping device. Shave
the region around the lesion site, and slit the skin with a scalpel and pull it back to
leave the skull plates clear. Drill a 1.5-mm diameter hole through the skull plate
using a hand drill or dentist’s drill and make a lesion using a 19G (1.1 × 38-mm)-
gauge syringe needle attached to a micrometer stage. The stage allows accurate
directional control and precise penetration depth (in our experiments, 2 mm).

Fig. 1. Immunohistochemical labeling of CX43 protein in the developing eyes of
stage 13/14 chick embryos. The embryos were treated with random control (A) or
Cx43 specific antisense (B) ODNs in Pluronic gel at stage 11. In (A) Cx43 is at normal
levels for this stage embryo, but in (B) the Cx43 levels are much lower in the develop-
ing sensory and pigmented layers of the eye (arrows).
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2. With the animal prepared, suck ice-cold Pluronic gel containing the ODN of inter-
est (or a control ODN) into a precooled 19G (1 · 1 × 38-mm) gauge syringe
needle filed off so as to have a flat tip (see Fig. 2). The syringe needle can be
attached to a volumetric pipet via a cut down yellow pipet tip. The gel will then
set as the needle warms to room temperature. In most cases 10 µL is sufficient.

3. Transfer the needle with the gel plug at its tip to a 1-mL syringe containing PBS,
and place a sleeve (a cut down yellow pipet tip) over the needle shaft so that the
needle tip can be lowered into the lesion with the sleeve (coming up against
the skull) preventing overpenetration (see Fig. 2). Gentle pressure on the syringe
plunger will “pop” the gel plug out of the needle into the lesion. This can be felt,
though not seen, by the operator. There is insufficient pressure to expel the gel
using the volumetric pipet.

4. Treat the wound with hydrogen peroxide to stop bleeding and suture the skin
back into place. Animals should be carefully monitored and left until ready for
sacrifice.

Fig. 2. A schematic representation of the method for applying Pluronic gel plugs
into tissues. The gel containing the ODN of interest is sucked into an ice-cold syringe
needle filed off so as to have a flattened tip. The needle is attached to a pipettor using
a cut down yellow tip. The gel is allowed to set in the needle tip which is then trans-
ferred to a 1-mL syringe containing a small amount of PBS. Pressure is gently applied
to the plunger and the gel will “pop” from the needle into a premade lesion in the
target tissue. When injecting into a brain lesion the needle is covered with a sleeve
(a cut down yellow tip) so that the needle tip can only penetrate the skull to a set depth,
the sleeve coming against the skull preventing overpenetration.
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3.6. Brain Slices or Dissociated Neurons in Culture (see Notes 5 and 6)

1. Following humane killing by cervical dislocation or decapitation the brain should
be dissected free as quickly as possible and placed in chilled oxygenated ringer.

2. Slices should be taken rapidly using either a vibratome or wire slice and trans-
ferred to appropriate tissue culture medium and incubation conditions for the
tissue and allowed to acclimatize in an incubator at 37°C for 1 h. Alternatively
the tissue should be dissociated and plated out at appropriate cell densities
required for tissue culture and allowed to adhere to the dish or attain desired
confluence.

3. Medium is removed and the slices or cells rinsed with serum-free medium. Serum-
free medium is used to reduce the effects of nuclease activity in the medium and
thereby extend the life-span of the ODNs. The serum-free medium is removed
and Pluronic gel can be applied to the desired part of the slice or area of the
cultured cells using the application methods described for chick embryos. Serum-
free medium is replaced and the preparation returned to the incubator for 24–48 h
before analysis.

4. Notes
1. Antisense oligodeoxynucleotides have a complementary base sequence to the

targeted mRNA which it then recognizes and binds to, halting protein produc-
tion. The bound mRNA is then usually cleaved by RNase H and the resulting
fragments, recognized by the cell as foreign, are broken down.

2. The typical-half life of an unmodified phosphodiester oligonucleotide is only
20 min (2) and phosphorothioate or methylphosphonate ODNs are often used as
an alternative. In general, however, these have a weaker affinity for the message
of interest, can be less efficient at entering cells, and can cause nonspecific inhi-
bition by binding to essential proteins (2,13,14). In drug trials they have caused
side effects (14). Second-generation ODNs may provide alternatives, for
example, three chimeric antisense ODNs (patented to Oligos Etc.) or end modi-
fied ODNs may survive longer in the cell without the ill effects of fully modified
backbone ODNs. For further information check the Oligo Etc. web site http://
www.oligosetc.com or http://www.gene-tools.com.

3. RNA can adopt a variety of secondary structures in the cell and is highly protein
bound, both of which may limit antisense access. Therefore, when multiple
antisense probes are screened against an RNA target, some are more effective
than others. In the past, antisense probes have been designed to target the transla-
tion initiation codon but recent studies indicate that most regions of the mRNA
are accessible to ODNs. We have achieved effective targeting of carboxyl-terminal
regions.

4. Antisense oligonucleotides are effective only when applied during periods of
connexin gene transcription. They will have no effect on existing connexin chan-
nels whose removal from the membrane will be dependent upon protein turnover
kinetics. The Pluronic gel delivery system provides a sustained release vehicle



184 Green et al.

for approx 24 h. Knockdown effects in the developing chicken embryo are
observed from 2 h through to 48 h after ODN delivery. In developmental experi-
ments the efficacy of the ODN is improved if they are applied to tissues just prior
to expression of the target protein.

5. An antisense ODN approach has advantages and disadvantages when compared
with gene knockout studies (Tables 1 and 2).

6. In general antisense ODNs have been less effective on cell cultures than in tissues.
The Pluronic gel delivery system appears to overcome some of the limitations.
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Transfection and Expression
of Exogenous Connexins in Mammalian Cells

Dieter Manthey and Klaus Willecke

1. Introduction
Currently, 15 different connexin genes have been described in the murine

genome (1–4). Different connexins are expressed in a cell specific fashion, and
in most cell types two or more connexins have been demonstrated. To charac-
terize defined connexin channels independently of other connexins that are
coexpressed in most mammalian cells, exogenous connexin DNAs can be trans-
fected and expressed in cultured cells that show a low level of endogenous gap
junction channels (5).

By using appropriate experimental techniques, one can analyze the function
of intercellular gap junction channels composed of hemichannels of the same
connexin type (homotypic) or of different connexin types (heterotypic) (1). Fur-
thermore, the expression of modified connexins can help to evaluate the function
of connexin domains or amino acid residues for regulation of gap junction medi-
ated intercellular communication (e.g., docking and gating). Finally, one can try
to study the interaction of connexins by using inducible expression systems (6).

Expression of connexin proteins in recipient cells can be accomplished by
RNA or DNA transfer. Injection of cRNA into paired Xenopus oocytes (7) or
of cDNA in human HeLa cells has been reported (8). Transfer of connexin
genes by DNA in cultured cells can be carried out to achieve transient and
stable conditions of expression. Both expression systems have advantages but
also certain limitations when compared to the much more complex situation
of gap junction mediated communication in the animal. The expression of exog-
enous connexins in paired Xenopus oocytes is described in Chapter 13 by
Skerrett et al. in this volume. It is a fast procedure that allows expression of the
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injected connexin cRNA at high efficiency. Electrophysiological measure-
ments and tracer transfer between pairs of relatively large oocytes are easier to
perform than with small mammalian cells. On the other hand, expression of the
endogenous Xenopus connexin38 must be experimentally suppressed in oocytes
(9), and some differences have been reported in the communication behavior of
connexin channels expressed in Xenopus oocytes and in mammalian cells (5).

For unequivocal expression of exogenous connexins in mammalian cells,
recipient cell lines should show no or little expression of endogenous
connexins. Cultured primary cells usually express one or more endogenous
connexins. Several tumorigenic cell lines, however, show decreased or absent
expression of connexins. These findings led to the suggestion that loss or reduc-
tion of gap junction mediated communication may correspond to loss of growth
control during tumorigenesis (10). The partial reversal of the transformed phe-
notype after expression of exogenous connexins via transfection in tumori-
genic cell lines, such as human HeLa cervix carcinoma cells (11), human SK
HEP-1 hepatoma cells (12) and rat C6 glioma cells (13) supports this notion. In
addition, mouse N2A neuroblastoma cells (14) and ROS rat osteogenic sarcoma
cells (15) have all been exploited to achieve expression of different connexins.

The methods described in this chapter have been used in our laboratory to
express exogenous connexins mainly in HeLa cells but, with slight modifica-
tions, they can be adjusted also to other transformed cell lines. First, the exog-
enous connexin gene, cDNA, or coding region from genomic DNA needs to be
cloned in an expression vector containing a cloning site downstream of a strong
(mostly viral) promoter, a polyadenylation site, and resistance marker genes
for selection in pro- and eukaryotic cells. To introduce the DNA into mamma-
lian cells, several gene transfer techniques have been described, for example,
transfection with calcium phosphate (16) or DEAE-Dextran (17), and transfer
by electroporation (18) or lipofection (19,20). After transfer of connexin DNA,
selection, isolation, and functional characterization of the transfected cells can
be carried out. The expected connexin transcript needs to be analyzed by North-
ern blot hybridization to a specific connexin probe. Protein mass and location
of the expressed exogenous connexin in contacting plasma membranes can be
checked by immunoblot and immunofluorescence analysis, respectively. For
functional analyses, measurements of tracer transfer or electrical conductance
between transfected cells should be carried out.

2. Materials

2.1. Reagents

All reagents were used in p.a. quality from Merck (Darmstadt, Germany),
except where noted.
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1. DMEM cell culture medium (standard medium): 10 g/L OF Dulbecco’s modified
Eagles medium (Gibco-BRL, Eggenstein, Germany) supplemented with 3.7 g/L
NaHCO3, 10% fetal calf serum (Gibco-BRL), 100 µg/mL OF streptomycin
(Sigma, St. Louis, MO, USA), 100 U/mL OF penicillin (Sigma), and 2 mM
L-glutamine. HeLa transfectants were maintained in standard medium containing
puromycin (1 µg/mL; Sigma, cat. no. P-8833).

2. Human cervix carcinoma HeLa cells were obtained from the American Type
Culture Collection (Rockville, MD, USA), Catalogue No. CCL2. We use HeLa
cells with low endogenous background of gap junctional communication (based
on measurements of tracer transfer and electrical conductance) (21,22). Very low
levels of endogenous connexin (Cx) mRNAs were detected for Cx26, Cx31, and
Cx45 in these HeLa cells. No transcripts were found for Cx30, Cx37, Cx49, Cx43,
Cx46, and Cx50 (23).

3. Expression vector pBEHpac18 (25). This vector contains a pUC18 multiple clon-
ing site (Stratagene, La Jolla, CA, USA), flanked by a 5× repeated SV40E pro-
moter sequence and a polyadenylation motif. For selection in prokaryotic cells,
the vector contains a gene conferring resistance to ampicillin and, for selection in
eukaryotic cells, the pac gene that codes for puromycin N-acetyltransferase me-
diated resistance against puromycin.

4. Primary antibodies, specific and sensitive for the connexins to be examined.
5. Secondary antibodies, specific for the Fc part of the primary antibodies, conju-

gated with a fluorophore.
6. Phosphate buffered saline (PBS): 8 g/L of NaCl, 0.2 g/L of KCl, 1.15 g/L of

Na2HPO4, 0.2 g/L of KH2PO4, adjust pH to 7.2 with HCl.
7. PBS*: 0.1 g/L of CaCl2 and 0.1 g/L of MgCl2 in PBS.
8. PBT: PBS and 0.1% (v/v) Tween-20 (polyoxyethylenesorbitan monolaurate, Sigma).
9. FCS/PBT–PBT and 10% fetal calf serum (FCS).

10. Paraphenylendiamine solution: 10% (v/v) in PBS, 90% (v/v) glycerol (Sigma),
0.1% (w/v) para-phenylenediamine, adjust pH to 8.0 with carbonate–bicarbonate
buffer. Store solution in the dark at –20°C. Caution: paraphenylendiamine is a
toxic compound.

11. Rapid mounting medium for microscopy, for example, Entellan (Merck) or nail polish.
12. Trypsin solution: 8 g of NaCl, 0.4 g of KCl, 1 g of glucose, 0.2 g of EDTA, 16 mL of

solved trypsin (2.5% trypsin in PBS), add bidistilled H2O to 1 L, adjust pH to 7.8.
13. CaCl2 solution (2.5 M): 183.7 g of CaCl2 add bidistilled H2O to 500 mL, filter

sterilize through a nitrocellulose filter (0.2 µm pore size, Schleicher & Schuell,
Dassel, Germany). Store the solution at –20°C in 50 mL aliquots.

14. 2× 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered saline
(HeBS) solution: 16.4 g of NaCl, 11.9 g of HEPES acid, 0.21 g of Na2HPO4, 800 mL
of bidistilled H2O. Titrate to pH 7.05 with 5 N NaOH; add bidistilled H2O to 1 L.
Filter sterilize through a nitrocellulose filter (0.2 µm pore size, Schleicher &
Schuell). Store at –20°C in 50-mL aliquots. Exact pH adjustment is very impor-
tant for efficient transfection. The optimal pH range is 7.05–7.12.

15. Silicone grease: Rotisilon C/D (Roth, Karlsruhe, Germany), autoclaved.
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2.2. Cell Culture Equipment

1. Incubator (37°C, 10% CO2), cell culture hood, tissue culture plates (25 or 75 cm2,
Falcon, Becton Dickinson, Plymouth, UK), tissue culture flasks (3.5- and 10-cm
diameters, Falcon), multiwell tissue culture plates (12 and 24 wells, Falcon), coni-
cal tubes (13- and 50-mL, Sarstaedt, Nuembrecht, Germany), and cryotubes (1 mL,
Nunc, Roskilde, Denmark).

2. For cell cloning: mechanical pipetting aid (Accu-jet™, Brand, Wertheim, Ger-
many), stainless steel rings (inner diameter: 5 mm, outer diameter: 8 mm).

3. For immunofluorescence analysis: Microscope (phase contrast and UV light) and
UV filter, appropriate for the fluorescent tag of the secondary antibodies used.

3. Methods

3.1. Cell Culture and Vector Construction

Before introduction and expression of DNA into mammalian cells, a suit-
able cell line must be chosen that shows no or low endogenous connexin
expression. Several tumorigenic murine and human cell lines have been used
for this purpose. In our laboratory we have most experience with human HeLa
cervix carcinoma cells (4,22,24) (see Note 1). For transfection of other cell
lines, it may be necessary to determine empirically optimal culture and trans-
fection conditions. HeLa cells grow in standard medium in a 37°C incubator
with a moist atmosphere of 10% CO2. Under optimal conditions, the cells
double within 18–24 h. Cells are plated at 20% confluence on sterile culture
dishes or flasks. Medium is replaced every 3 d. The cells are passaged before
reaching 90% confluence.

Electrophysiological characterization of human HeLa cells yielded very low
electrical conductance (21). Usually, this low level of endogenous conductance
did not influence the relatively high level of conductance measured in HeLa–
connexin transfectants. For transfection of HeLa cells, we used the vector
pBEHpac18 (25). The cDNA sequence or coding region of a connexin was
inserted into the multiple cloning site of the vector (see Note 2). Detailed pro-
tocols of this procedure are described in method books for molecular cloning
(see, e.g., 26,27).

3.2. Cell Transfection

Here we describe two protocols for HeLa cell transfections: first, coprecipi-
tation of DNA and calcium phosphate, and second, lipofection of DNA using a
commercial agent. Both methods can be used to obtain transient and stable
transfections. The protocol of HEPES-buffered calcium phosphate is based on
a method described by Graham and van der Eb (16). The plasmid DNA is
incorporated into adherent cultured cells via a precipitate deposited on the cell
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surface. Transfection of HeLa cells by lipofection is based on the ability of the
lipofection reagent to form vesicles that can fuse with cell membranes, whereby
plasmid DNA encapsulated in these vesicles can be delivered to the cytoplasm
of recipient cells.

3.2.1. HeBS Calcium Phosphate Protocol (see Note 3)

1. On the day before transfection, 106 HeLa cells are plated on a tissue culture plate
(10 cm diameter) to get a 30% confluent cell layer for transfection. The 30%
starting confluency should provide a near confluent cell layer at the second day
after transfection when the cells are diluted into selective medium. To maintain
the cells in exponential growth, they need to be fed with 9 mL of standard medium
4–8 h before transfection.

2. The plasmid DNA to be transfected is precipitated with ethanol and air-dried
after preparation. Detailed protocols for plasmid preparation can be found in
books describing molecular cloning (26,27). The plasmid DNA should yield
an extinction ratio of >1.8 at 260–280 nm, which indicates little or no protein
contamination.

3. Plasmid DNA is resuspended at a concentration of 1 µg/µL in sterile water. To 20 µL
(20 µg) of nonlinearized plasmid DNA (see Note 5), a solution of 430 µL of
sterile water and 50 µL of 2.5 M CaCl2 is added.

4. 2× HeBS (500 µL) are placed in a conical tube (13 mL). With a plugged 1-mL
plastic pipet, attached to a mechanical pipettor, air is continuously bubbled
through the HeBS solution. The DNA–CaCl2 solution is added dropwise with a
plugged Pasteur pipet. Then the solution is immediately vortex-mixed for 5 s.

5. Incubate the solution for 20 min at room temperature, while the precipitate is
forming (see Note 6).

6. Distribute the precipitate solution dropwise with a Pasteur pipet into the medium
on the culture dish, then mix gently by swirling the culture dish.

7. Incubate the cells for 16 h in an incubator. During this time, the precipitate settles
onto the bottom of the culture dish and can be seen under the microscope as little
crystals on the harvested cells.

3.2.2. Lipofection Procedure

For transfection of HeLa cells, we use the lipofection reagent Tfx-20™
(Promega, Madison, WI, USA) (see Note 7).

1. HeLa cells and plasmid DNA are prepared as described previously for the cal-
cium phosphate protocol (see Subheading 3.2.1., steps 1–2).

2. To 6 mL of standard medium in a sterile conical tube (13 mL), add 10 µg of
nonlinearized plasmid-DNA (1 µg/µL in sterile H2O) (see Note 5) and vortex-
mix the solution for 20 s. Afterwards, add the Tfx-20 suspension at a ratio of 4:1
(v/v) to DNA solution and vortex-mix the solution for 20 s.

3. Incubate the mixture for 10–15 min at room temperature.
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4. Remove medium from cells and pipet the 6 mL of DNA–Tfx-20 medium onto the
cultured cells. Place cells in incubator for 45–60 min.

5. At the end of the incubation time, add 6 mL of prewarmed (37°C) standard
medium to the cells and incubate for 16–24 h in the incubator.

3.3. Selection of Stably Transfected Cells (Common to Both
Transfection Procedures)

1. After 16 h of incubation with the DNA calcium phosphate precipitate or
DNA–lipofectin vesicles, the medium is removed. Wash the cells twice with
prewarmed (37°C) PBS, then incubate the cells for further 24 h with standard medium.

2. The next day, the cells are distributed into culture dishes (10 cm diameter) and
incubated with 10 mL of selection medium. Dilution of the cells at 1:5–1:20 is
necessary for selection. Nontransfected cells die within 3 d after selection; tran-
siently transfected cells survive for more than 7 d under selective conditions in
the presence of puromycin. A lower dilution may lead to confluent cell layers
before the selection becomes effective. Then transfected cell clones cannot be
separated from each other after selection.

3. Change the selection medium every 4 d for 3–4 wk. At the first time, wash the
dishes twice with prewarmed PBS in order to remove dead nontransfected cells.

4. After 2 wk, stable transfected cells become visible as small clones likely to be
derived from single cells. The cell clones should be removed when they reach a
diameter of 2–3 mm. For cell cloning, sterile steel or glass rings (“cloning rings”)
are recommended (see Note 8). First, the position of the cell clones is marked on
the bottom of the dish with a permanent marker.

5. Remove medium and wash the cells twice with PBS. In the next 2–3 m the cloning
rings must be placed on the marked cell clones. Before that, the cloning ring was
dipped with its bottom into silicone grease, and then placed on top of the clone, so
that the inner part of the ring forms a sealed chamber enclosing the cell clone.

6. Apply one drop of prewarmed trypsin solution with a Pasteur pipet into the ring
and incubate for 5–10 min in the incubator for detachment of the cells to be
harvested.

7. Place four or five drops of selection medium into the ring and pipet the suspen-
sion up and down 5×. Transfer the cell suspension into a well of a 24-well tissue
culture plate (Falcon), add 0.5 mL of selection medium and incubate the plate for
1 d in the incubator.

8. The next day remove the medium and incubate the cells with 0.5 mL of selection
medium. It is usually not necessary to remove trypsin, as it is inactivated by
trypsin inhibitor present in the serum of the culture medium.

9. Dilute the cells into a well of a 12 well tissue culture plate (Falcon), when the cell
layer reaches confluency.

10. Feed the cells every 3 d. At 90% confluency, dilute the cells at a ratio of 1:2.
After trypsination and centrifugation (800 rpm, room temperature, Beckman
GPKR Centrifuge), the cell pellet is resuspended in 2 mL of selection medium.
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11. An aliquot (1.1 mL) is used for plating in a 25-cm2 tissue culture flask or 3.5-cm
culture dish, 0.9 mL of the cell suspension is placed into a cyrotube (Nunc), and
0.1 mL of dimethylsulfoxide (DMSO) is added.

12. Seal the tube and shake 5–6× by inverting, then place the tube in a special freez-
ing tray of a liquid nitrogen tank. Alternatively, put it into a closed polystyrene
box and place it for 24 h in a –80°C refrigerator to allow for slow cooling of the
cells. It is important that freezing starts immediately after addition of DMSO and
continues at a temperature decrease of 1°C/min to –80°C for efficient survival of
the cells.

13. The next day, the tube can be stored in liquid nitrogen (see Note 9).
14. When the cells reach confluency in the 3.5 cm dish, analysis of the cell clone can

start. Caution: Freeze enough cells for further investigations.

3.4. Screening of Cell Clones

For identification and characterization of the exogenous connexin in trans-
fected cell clones, it is recommended to confirm transcription of the exogenous
connexin by Northern blot hybridization (see Note 10). Furthermore, it is nec-
essary to demonstrate by immunofluorescence analysis that the transfected cells
express the exogenous connexin protein in the plasma membranes of contact-
ing neighboring cells (see Note 11).

3.4.1. Northern Blot Hybridization

For preparation of total RNA, cells are plated in a cell culture dish (6 cm,
4 × 105 cells/dish) or 10 cm diameter (1.2 × 106 cells/dish) and grown to
80–90% confluency. For optimal yields of RNA, the cells should reach this
confluency 2 or 3 d after plating. The cells should be fed with fresh culture
medium 6 h before preparation of RNA. For isolation of total RNA, we follow
the procedure described by Chomczynski and Sacchi (28). This commonly used
method is detailed in molecular biology manuals (26,27). Alternatively, com-
mercially available, modified isolation methods, for example, TRIzol (Total
RNA Isolation Reagent, Gibco-BRL) could be followed.

After isolation of total RNA, it is usually not necessary to purify mRNA
further, since expression of transfected connexin genes is regulated by viral
promoter and enhancer elements, resulting in high levels of mRNA of the
exogenous connexin. For subsequent radioactive or nonradioactive Northern
blot hybridization (described in standard laboratory manuals) only 2–3 µg per
lane (width: 1 cm) of total RNA is needed.

By Northern blot hybridization, it is possible to identify transfected cell
clones that express the expected connexin mRNA at the highest relative level.
In some cases, no hybridization signal occurs, or the hybridization signal does
not show the expected size, or on the same lane more than one signal is



194 Manthey and Willecke

detected. This may be caused by partial loss or multiple recombinations of the
transfected construct into the cell genome. These clones should obviously be
discarded.

3.4.2. Immunofluorescence

The analysis of indirect immunofluorescence is a fast and sensitive assay
that helps to identify transfected cell clones that express the exogenous
connexin in regions of the plasma membrane contacting neighboring cells. It is
a simple and efficient technique that requires specific antibodies to connexin
proteins. Polyclonal antibodies should be affinity purified and should not show
any cross-reactivity with other connexins or proteins. The following protocol
is inexpensive and reliable.

1. Place sterile glass coverslips in a cell culture dish (3.5- or 6-cm diameter). Add
prewarmed culture medium and plate freshly diluted, transfected cells into
the dish so that the cells reach about 70% confluency 2 d after plating (for a
6-cm 6 × 105 exponentially growing cells are needed).

2. After 2 d, the culture dish is washed twice with ice cold PBS*. Place each cover-
slip, using a tweezer, in one well of a 12- or 24-well culture plate, with the cell
side facing up. Then the cells on the coverslips are fixed by incubation with
methanol (precooled at –20°C) for 10–20 min at –20°C. The methanol is removed
and cells are washed twice for 5 min with PBT at room temperature.

3. To block unspecific binding of antibodies, the cells on the coverslips are incu-
bated for at least 30 min with FCS–PBT at room temperature.

4. Before incubation, the first antibody must be diluted (1:20–1:2000 usually works
well for most antibodies) in FCS–PBS. Then the FCS–PBT solution is removed
from the culture dish and replaced by the antibody–FCS–PBS solution. We rec-
ommend 50 µL of antibody–FCS–PBS solution per cm2 of coverslip. To prevent
evaporation of the antibody–FCS–PBS solution, the entire culture dish is cov-
ered with parafilm and stored in a moisture-saturated box to prevent drying. Incu-
bate for 2 h at room temperature or overnight at 4°C.

5. Remove excess antibody by washing the coverslip 3× with PBT for 5 min at
room temperature.

6. During this time, centrifuge secondary antibodies at 12,000 rpm for 10 s in a table
centrifuge (e.g., Beckman Microfuge). Then dilute secondary, fluorescence tagged anti-
bodies that bind specifically to the Fc domain of the first antibodies, in an adequate
volume of FCS–PBT (1:200–1:10000; see instructions of manufacturer). Incubate anti-
body solution (see step 4) on the coverslip for 30–60 min at room temperature. (Place
the box with the coverslip in the dark to prevent bleaching of the fluorescent tag).

7. Remove excess of secondary antibodies by washing the coverslip 3× with PBT
(5 min at room temperature).

8. Place a drop of para-pheneylenediamine solution on an object slide and place the
coverslip with the cell side onto this drop. Seal the coverslip with Entellan or nail
polish and examine cells under a fluorescence microscope.
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9. The fluorescent label is rather stable for 2 d, but it is advisable to inspect cells on
the same day. Alternatively, the specimen could be stored at 4°C in the dark for
about a week without increase of background fluorescence. Positive cell clones
from connexin transfection experiments should show punctate fluorescent
signals on contact plasma membranes to neighboring cells, as shown in Fig. 1.

4. Notes
1. For successful and stable transfection, the choice of the selection drug is impor-

tant. We have found that HeLa cells show high spontaneous resistance to the
selective antibiotics hygromycin and geniticine (G418). Thus, we prefer to select
HeLa connexin transfectants using puromycin (1 µg/mL of medium). It is impor-
tant to use puromycin of the highest quality available (e.g., Sigma, cat. no. P-8833).
Furthermore, an overdose of puromycin should be avoided for selection, as it can
lead to growth inhibition or cytotoxity toward HeLa connexin transfectants.

2. For efficient expression of the connexin coding region, the introduced sequence
should contain only one start codon of translation. Thus, we usually remove all
possible upstream start codons by appropriate genetic manipulation.

3. Before starting the calcium phosphate mediated transfection, the ability to form a
fine precipitate should be checked with each aliquot of HeBS solution. For this
purpose, 0.5 mL of 2× HeBS are mixed with 0.5 mL of 250 mM CaCl2 and vor-
tex-mixed. A fine precipitate should develop immediately and should be visible
in the microscope.

Fig. 1. Immunofluorescence analysis of connexin (Cx) transfected Hela cells using
rabbit affinity purified anti-Cx26 antibodies (31) and goat antirabbit IgG–fluorescein
isothiocyanate (Dianova, Hamburg, Germany). (A) HeLa cells with moderate
expression level of mouse Cx26 protein. (B) HeLa cells with a high expression level
of mouse Cx26. Both clones exhibit in contacting plasma membranes the characteristic
punctate pattern of fluorescent signals, whose intensity depends on the expression
level of the exogenous connexin DNA. Bar = 25 µm.
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4. Plasmid DNA for transfection of HeLa cells could be prepared with a commer-
cial “Midi” kit based on silicagel. If only a low transfection yield is obtained, it
may be due to impurity of the DNA. Contamination of the DNA with bacterial
proteins or residual material from the columns used for the plasmid preparation
could lower the yield of transfectants. To improve the yield of transfection, use
CsCl-purified plasmid DNA or “endotoxin-free” commercial kits for plasmid
preparation (e.g., QIA Endo free kit, Qiagen, Hilden, Germany).

5. Depending on the cell line, the optimal amount of plasmid DNA for transfection
varies from 10 to 50 µg per tissue culture (10-cm diameter) when using the cal-
cium phosphate protocol. For the lipofection protocol, only 2–15 µg/10 cm plate
are necessary to obtain the same transfection efficiency as with the calcium phos-
phate protocol. Usually, transfection or lipofection works well by using
nonlinearized supercoiled DNA, but if the yield of clones is low, try the transfec-
tion with linearized DNA.

6. Many factors can influence formation of the calcium phosphate precipitate and,
therefore, the transfection efficiency. For example, the optimum pH range of
the HeBS solution (between 7.05 and 7.12), the pH range of 7.2–7.4 of the culture
medium during incubation with the precipitate on the cells, and finally, the size
of the DNA calcium phosphate crystals. Only a fine crystallized precipitate on
the cells yields good transfection efficiency. An alternative calcium phosphate
transfection protocol with a 10-fold higher transfection efficiency was described by
Ishiura et al. (29), Chen and Okayama (30), and Ausubel et al. (26). The protocol
was based on a different buffer system, called N,N-bis(2-hydroxyethy)-2-
aminoethanesulfonic acid (BES) buffer. We have described the HeBS protocol
instead of the high-efficiency BES protocol, as we noticed more multiple inte-
grations of transfected DNA into the genome than by using the HeBS protocol. It
has been reported that the BES protocol does not appear to work well for neu-
ronal cell lines (26). Thus, if the HeBS protocol gives poor yields of transfectants,
the BES protocol could be a good alternative.

7. For lipofection we use the Tfx-20 reagents and protocol (Promega). The protocol
was applied to HeLa cells, but, with slight modifications, it appears to be useful
for several other established cell lines.

8. If steel or glass rings are not available for isolation of the transfected cell clones,
the cells could also be removed from the bottom of the culture dish with a sterile
pipet tip. The cells can be isolated under a microscope and a Gilson pipet (200 µL),
and sterile Gilson tips are recommended for this procedure. This mechanical
removal of the cells is more gentle than trypsinization and allows to pick cell
clones on several days. After aspiration, the cloned cells should be transferred
into a well of a 48-well culture dish and the cluster should be disrupted by
pipetting the cells up and down several times.

9. We recommend to freeze aliquots of each transfectant cell clone during the first
passages of the clone. Because it has been observed that transfected HeLa cell
clones occasionally showed after many (>15) passages decreased expression of
the exogenous connexin, it is advantageous to use the same clone at an early
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passage number. If the cells do not survive the freezing protocol at high yield, it
may help to modify the freezing conditions. For example, cool down the cells to
–20°C for 1 d, then transfer the vial to –80°C for another day before storing the
cells in a liquid nitrogen tank.

10. Screening of transfected and isolated cell clones by using the polymerase chain
reaction (PCR) with genomic DNA as template, seems to be an easy and fast
procedure to identify cell clones that have integrated the transfected connexin
sequence. On the other hand, we experienced in some experiments that 60–90%
of the isolated transfectants that showed resistance toward puromycin contained
the exogenous connexin sequence (based on results of PCR or Southern blot
hybridization), but expressed little or no connexin mRNA or protein. Perhaps, in
these cases, integration may have occurred into silent regions of the genome.
Thus, it can save time and frustration to analyze expression of connexin mRNA
or protein as early as possible.

11. For further analysis of transfected cell clones, an immunoblot analysis may be
useful, depending on the final goal of the experiment.
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Assaying the Molecular
Permeability of Connexin Channels

Paolo Meda

1. Introduction
Channels made by connexin proteins at gap junctions share a number of

similarities with other membrane channels. Thus, they are formed by the oligo-
merization of integral membrane proteins around a central hydrophilic space;
they conduct current-carrying ions, although with much less selectivity than
other ion-selective channels; and they show open-to-close transitions that can
be modulated under a number of endogenous and exogenous conditions (1,2).
However, when compared to other membrane channels, the channels made by
connexins also have two unique features. First, they are formed by two cells.
Second, they are permeable to a variety of small molecules which, as judged
from molecular weight, shape, and electrical charge, may include most of the
endogenous metabolites and cytoplasmic factors that are needed for proper
regulation of essential cell functions (1,2).

Although the molecular basis and function(s) of this unique feature remain
to be fully understood, permeability to exogenous and endogenous molecules
has proven particularly useful to positively identify connexin channels in a
wide variety of cell systems, and particularly within intact tissues that are
hardly amenable to electrophysiological investigations of gap junctional con-
ductance. Assaying the molecular permeability of gap junction channels has
also been instrumental in mapping homo- and heterocellular communication
territories within different systems (1,2), and to show that, in spite of major
similarities, channels made by distinct connexin isoforms may allow for a
selective intercellular exchange of different molecules (3–7). In this chapter
the procedures that have gained wide acceptance in assaying the intercellular
exchange of exogenous and endogenous molecules through connexin channels
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are reviewed. The reader is referred to previous publications for insights into
the general principles of interpretation of these approaches and for discussion
of their potential artifacts and limitations (8–11).

Most of the available methods for investigating intercellular communica-
tion mediated by connexin channels are dependent on the introduction into
living cells of nontoxic tracers, which are then traced in their eventual intercel-
lular movements. Molecules suitable for such experiments should be small
enough to cross gap junction channels, whose cutoff size is approx 900 Da in
vertebrate cells, and should not be able to leak across a normal nonjunctional
membrane. As yet, a number of molecules with these characteristics have been
found (1–11). The choice of the most adequate tracer is dependent on several
factors, including the scope of the experiment, the conditions under which the
study is conducted, and the pattern of connexins in the system investigated.
Most connexins are permeant to several tracers and, as yet, no molecule has
been shown to permeate only one type of gap junction channel, that is, to be
specific for any connexin species. However, it is also clear that different
connexins form channels with distinct permeabilities and that these specific
properties may allow for subtle discrimination between molecules that are only
slightly different in size and/or electrical charge (1–7). Hence, some connexin
channels may allow for the passage of some, but not all, available tracers.

2. Materials
2.1. Specific Reagents

Tracer molecules that permeate connexin channels are now commercially
available from several companies, for example, Molecular Probes (http://
www.probes.com), Sigma Chemical (http://www.sial.com), and Eastman Organic
Chemicals (http://www.eastman.com). The commercially available tracers that
have gained widespread acceptance in tests of junctional communication are
listed in the following subheadings.

2.1.1. Membrane-Impermeant Tracers

1. Lucifer Yellow CH (mol wt 443, two negative charges): this tracer has a high
fluorescence efficiency, which ensures its detection in minute levels. It also binds
to cell components after aldehyde fixation and photoactivation, a property exploited
to identify the cell(s) containing the tracer after histological processing at both
light and electron microscopy levels (9,10). The tracer is usually injected as a 2–4%
solution in either distilled water or 1 M LiCl, and can be stored for weeks in the
dark at 4°C. The original dye does not dissolve in K+-containing solutions. How-
ever, a potassium salt is now commercially available if there was such a need.
Lucifer Yellow is observed using a barrier filter with an emission between 520
and 560 nm and an excitation filter with a range between 430 and 435 nm.
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2. 6-Carboxyfluorescein (mol wt 376, two negative charges): this tracer has a lower
fluorescence efficiency than Lucifer Yellow CH and does not resist histological
processing. After recrystallization (12), it can be stored in the dark at 4°C as a
20% solution in distilled water, pH 8–9. It is used as a 4% solution in either
distilled water or 3 M KCl. Carboxyfluorescein is observed with the same barrier
and excitation filters used for Lucifer Yellow.

3. 2',7'-Dichlorofluorescein (mol wt 401, one negative charge): has a permeability
four to six times higher than 6-carboxyfluorescein (3), presumably because of a
smaller hydration radius that is due to its minor electrical charge. It has little
affinity for binding to cytoplasmic proteins, and thus does not resist histological
processing.

4. Neurobiotin (mol wt 287, one positive charge): has molecular dimensions that
are less than those of Lucifer Yellow, and, hence, is expected to permeate
connexin channels more easily. This expectation has been verified in some, although
not all, coupled systems (13,14). The tracer (Vector Laboratories, Burlingame,
CA) is typically used at a concentration of 1–4% in 0.25 M lithium acetate,
pH 7.3, and resists histological processing after fixation in 4% paraformalde-
hyde. To be detected, neurobiotin should be visualized with either streptavidine
coupled to a fluorochrome (cyanine dyes, fluorescein, or rhodamin) or to horse-
radish peroxidase. When peroxidase-conjugated streptavidin is used, the activity
of the enzyme is revealed after blockade of the endogenous peroxidase activity
(by two successive 30 min incubations in a 0.1 M Tris-HCl buffer, pH 7.6, supple-
mented with 0.5% H2O2) and membrane permeabilization (by a 10-min incuba-
tion in a 0.1 M Tris-HCl buffer, pH 7,6, supplemented with 0.25% Triton-X). To
this end, cells are incubated for 1–10 min in a 0.1 M phosphate buffer supple-
mented with 1 mg/mL diaminobenzidine, 1.2 mM cobalt chloride, 0.8 mM nickel
chloride, and 0.9 mM H2O2. The reaction is stopped by replacing the developing
mixture with distilled water.

5. Other membrane-impermeant tracers that have been used less frequently and may
be useful in particular cell systems or under specific conditions are 4', 6-diamidino-
2-phenylindole dihydrochloride (DAPI) (mol wt 279, one positive charge) (4),
ethidium bromide (mol wt 314, one positive charge) (4,5), propidium iodide (mol
wt 414, two positive charges) (4), biocytin (mol wt 373, no electrical charge) (5)
and biotine-X cadaverin (mol wt 442, one positive charge) (7). Most of these
tracers can be dissolved in LiCl and used at a final concentration of 0.5–1%.

6. Dextrans have molecular weights and sizes that largely exceed the maximum
cutoff limit of connexin channels. As such, these macromolecules are useful to
ensure that the intercellular transfer of any of the earlier listed tracers is actually
dependent on connexin channels, and is not accounted for by alternative path-
ways, such as the persistence of cytoplasmic bridges at the end of mitosis (15).
To this end, we have used 10-kDa dextrans coupled to rhodamine (16) which, at
the concentration of 100 mg/mL, may be introduced into cells as the other tracers.

7. It is obviously feasible to use the earlier listed tracers in combination. We have
often combined Lucifer Yellow with either dextran-rhodamine or neurobiotin
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(16,17). In the latter case, the two tracers were each used at a 2% concentration
and injected into the same cell by electrical pulses of alternated polarity (nega-
tive pulses preferentially inject Lucifer Yellow, whereas positive pulses prefer-
entially inject neurobiotin).

2.1.2. Membrane-Permeant Fluorogenic Esters

These nonfluorescent molecules freely diffuse across the cell membrane and
are converted by cytoplasmic esterases into smaller, fluorescent compounds
that are retained by living cells and pass through gap junction channels (18–22).
Three of these molecules are particularly useful:

1. Calcein-acetoxy-methyl ester (calcein-AM; mol wt 955, no charge): can be stored
at 4°C as a 1 mg/mL solution in dimethyl sulfoxide (DMSO) and used in a con-
centration range of 2–10 µM (18,19). It is converted by esterases into calcein
(mol wt 623, four negative charges). This tracer does not resist histological pro-
cessing. Its fluorescence is observed with the same barrier and excitation filters
used for Lucifer Yellow.

2. Carboxyfluorescein diacetate (CFDA; mol wt 955, no charge): can be stored
at 4°C as a 10 mg/mL solution in acetone and used in a concentration range of
4–40 µg/mL (20). It is converted by esterases into 6-carboxyfluorescein (mol wt
376, two negative charges). This tracer does not resist histological processing. Its
fluorescence is observed with the same barrier and excitation filters used for Luci-
fer Yellow.

3. bis-Carboxylethyl-carboxyfluorescein-acetoxy-methyl ester (BCECF-AM; mol
wt 668, no charge): can be stored at 4°C as a 10 mg/mL solution in acetone and
used in a concentration range of 0.9–1.5 µM (21,22). It is converted by esterases
into an impermeable acid form (BCECF; mol wt 520, four or five negative
charges). This tracer does not resist histological processing. Its fluorescence is
observed with the same barrier and excitation filters used for Lucifer Yellow.

2.1.3. Radiolabeled Compounds to Study the Permeability
of Endogenous Molecules

Most radioactive precursor molecules are commercially available from major
companies, for example, Amersham Pharmacia Biotech (http://www.apbiotech.com)
or New England Nuclear (http://www.nnenlifsci.com). They should be preferably
labeled by 3H or 35S and selected according to the scope of the experiment. The
protocol that follows is given for [3H]uridine, which has been widely used (47).

2.2. Apparatus

2.2.1. Apparatus for Microinjection

1. An antivibration table (e.g., VX95 Micro-Controle; http://www.newport.com).
2. An inverted microscope (e.g., Zeiss IM35 or Nikon Diaphot 300) for experi-

ments on cell monoalyers or a regular upright microscope (e.g., Zeiss Universal)
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for injection of thick specimens (16,23–25). All microscopes should be equipped
for both fluorescence (we use either a HBO 50W or a XBO 75W Osram bulb and
excitation and barrier filters for fluorescein and rhodamin detection) and phase-
contrast views. Under both illuminations, ×25, ×40, and ×63 objectives are ade-
quate for most purposes. A 6.3× objective and a dark-field condenser may also be
required for injection of thick specimens.

3. A microscope stage that can be held at different temperatures (we use a home-
made stage in which temperature is controlled by the circulation of water pro-
vided by a Minsitat pump, Huber, Germany).

4. One or two micromanipulators for holding and positioning the electrodes. For
experiments on monolayer cultures, we use either MHV-3 oil-driven (Narishige,
http://www.narishige.co.jp) or mechanical manipulators (Leitz GMBH, http://
www.leitz.de). For experiments on tridimensional cell systems, we definitively pre-
fer the latter ones.

5. A setup for iontophoretic or pressure injection (see Notes 1 and 2). For ionto-
phoretic microinjection, we use a setup that includes a function generator that
drives a pulse generator (e.g., PU8085 amplifier, School of Medicine, University
of Geneva, Switzerland or Patch-clamp PC-501 A amplifier, Axon Instruments).
Current pulses and recorded voltages are displayed on separate channels of a
digital storage oscilloscope (2214, Tektronix) whose outputs are traced on a four-
channel TA550 paper recorder (Gould; http://www.gould.co.uk). The PU8085
amplifier is based on a chop approach that allows for continuous monitoring of
electrode resistance after each current pulse, and which is monitored on a sepa-
rate 2205 Tektronix oscilloscope. For pressure injection (see Note 2), we use a
Picospritzer II pulse generator (General Valve, Fairfield, NJ).

6. A micropipet puller (e.g., BB-CH puller from Mecanex, Geneva, Switzerland,
PC-10 puller from Narishige, Tokyo, Japan).

7. A camera for the photographic (e.g., Nikon 501) or video recording (we use a
high-sensitivity TM-560, Pulnix; http://www.pulnix.comin linked to a VO-5630
U-Matic recorder, Sony; http://www.sony.com) of the injections.

2.2.2. Apparatus for Scrape-Loading Experiments

1. An inverted microscope equipped as described in Subheading 2.2.1.
2. A photographic or video camera as described in Subheading 2.2.1.
3. A tool for scraping the culture (see Note 3).

2.2.3. Apparatus for Incorporation
of Membrane-Permeant Fluorogenic Molecules

1. An inverted microscope equipped as described in Subheading 2.2.1.
2. A photographic or video camera as described in Subheading 2.2.1.

2.2.4. Apparatus for Assessing Permeability to Endogenous Molecules

A microscope equipped with phase-contrast optics as described in Subhead-
ing 2.2.1.



206 Meda

2.3. Solutions

2.3.1. Solutions for Microinjection

2.3.1.1. Cell Buffer

We perform most of the injections in a 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid (HEPES)-buffered modified Krebs–Ringer medium (see
Note 4) which is prepared as follows:

1. Make a stock NaHCO3 solution:
NaHCO3 2.625 g
NaCl 5.347 g
H2O to 1000 mL
Store at 4°C

2. Make a stock mixed salt solution:
NaCl 34.700 g
KCl 1.770 g
K2HPO4 0.808 g
MgSO4·7H2O 1.463 g
CaCl2·2H2O 1.870 g
H2O to 1000 mL
Store at 4°C

3. Just before the experiment, make the final solution:
Stock NaHCO3 solution 32 mL
Stock mixed salt solution 40 mL
HEPES 0.477 g
Glucose 0.100 g
H2O to 200 mL

4. Gas 10 min by bubbling air.
5. Add 1 N NaOH as needed to bring pH to 7.4.
6. Add 0.200 g of bovine serum albumin (fraction V; Sigma Chemical).
7. Use within the next 3 h.

2.3.1.2. TRACER SOLUTION

Most tracers are conveniently stored at the injection concentration (2–4%),
in a HEPES (10 mM)-buffered solution of lithium chloride (1 M):

1. Make a solution of
LiCl2 8.480 g
HEPES 0.477 g
KOH As needed to bring pH to 7.2
H2O to 200 mL

2. Filter on a 0.22 µm pore filter (Sterile Acrodisk®13, cat. no. 4454, Gelman Sciences).
3. Store in the dark at 4°C.
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2.3.1.3. INJECTION SOLUTION

The solution that fills the electrodes, and which will enter cells during micro-
injection, should not compromise the most important conditions of cytoplasm.
A simple HEPES (10 mM)-buffered solution of lithium chloride (150 mM) that
meets these basic requirements is prepared as follows:

1. Make the following solution:
LiCl2 1.272 g
HEPES 0.477 g
KOH As needed to bring pH to 7.2
H2O to 200 mL

2. Filter on a 0.22 µm filter.
3. Store at room temperature.

2.3.1.4. FIXATION SOLUTION

Some gap junction tracers may be retained within microinjected cells and
tissues by fixation at the end of the experiment. To achieve good preservation
of structure, retention of tracers, and subsequent analysis by a variety of tech-
niques, including immunofluorescence, without excessively increasing the
background fluorescence of tissue, we use a 4% solution of paraformaldehyde:

1. Warm to 60°C 100 mL of 0.1 M phosphate buffer.
2. Add 4.0 g of paraformaldehyde (cat. no. 4005, Merck).
3. Allow to dissolve under continuous stirring in a ventilated environment.
4. Cool the solution to room temperature.
5. Add 1 N NaOH as needed to bring pH to 7.4.
6. Pass through a paper filter (cat. no. 595, Schleicher & Schuell).
7. Store in the dark at 4°C.
8. Use within the next 3 wk.

2.3.2. Solutions for Scrape Loading Experiments

1. Cell buffer: We perform most of the scrape-loadings in a HEPES-buffered modi-
fied Krebs–Ringer medium described in Subheading 2.3.1.1. (see Note 4).

2. Tracer solution: Essentially any of the tracers listed in Subheading 2.1.1. may be
used for scrape-loading, and should be selected as per the same lines of thought
discussed for microinjection (see also Note 5). We have typically used in combi-
nation Lucifer Yellow and dextran–rhodamine (16). The latter tracer cannot cross
connexin channels gap junctions because of its large molecular mass (10 kDa),
and thus labels only the cells that had incorporated it during the scraping. Dis-
solve the selected tracer as described in Subheading 2.1.1.

3. Fixation solution: Some gap junction tracers may be retained within scrape-
loaded cultures by fixation at the end of the experiment. We routinely use a 4%
solution of paraformaldehyde, as described in Subheading 2.3.1.4.
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2.3.3. Solutions for Incorporation
of Membrane-Permeant Fluorogenic Molecules

2.3.3.1. TRACER SOLUTIONS

Stock tracer solutions are made as follows:

1. Dissolve 1 mg of calcein-AM (or 10 mg of CFDA or 10 mg BCECF-AM) in 1 mL
of DMSO (or acetone in the case of both CFDA and BCECF-AM).

2. Store at 4°C.

2.3.3.2. FIXATION SOLUTION

Some gap junction tracers may be retained within loaded cultures by fixation
at the end of the experiment. We routinely use a 4% solution of paraformaldehyde,
as described in Subheading 2.3.1.4.

2.3.4. Fixative Solution for Endogenous Molecules

3. Filter 5 mL 50% glutaraldehyde (cat. no. 49628, Fluka Chemie AG, Switzerland)
through a paper (cat. no. 336251, Schleicher & Schuell, Germany).

2. Add the filtered glutaraldehyde to 95 mL of 0.1 M phosphate buffer, pH 7.4.
3. Correct the pH to 7.4 if needed.
4. Store (for weeks) at 4°C, in a tightly closed bottle protected from light.

3. Methods
3.1. Assessing the Permeability to Exogenous Molecules

3.1.1. Microinjection

Microinjection of membrane-impermeant, nontoxic tracers has been the first
technique used to identify and map the communication network of a wide vari-
ety of cell systems. The approach is still widely used to study cell coupling in
cultures (see Fig. 1) and is practically the only technique available to extend
such studies to intact tissues (17). Because it allows for a selective loading of
tracers, microinjection permits correlation of morphological and functional data
from individual cells. Furthermore, because the onset and duration of the tracer
injection can be accurately controlled, the technique is also instrumental in
kinetic studies aimed at evaluating the rate of transfer of a tracer from one cell
to another. The major limitation of microinjection is that it requires some spe-
cial equipment and skill to prevent damaging the cells, or at least to detect such
damage during the injection. Another limitation is that only a few cells may be
microinjected, usually not at the same time. Thus, the technique is not conve-
nient when a large number of cells need to be simultaneously monitored for
intercellular communication.
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3.1.1.1. PREPARING THE CELLS TO BE INJECTED

A preliminary condition for a successful microinjection is that the cell under
study should not move during impalement. This is easily achieved with cells in
monolayer culture that are grown on a dish suitable for the injection setup, and
thus require no further preparation to be injected. The problem may be more
complex for immobilizing on an adequate support tridimensional cell assem-
blies, such as intact tissues. To this end, we routinely use standard 35-mm
culture dishes coated with Sylgard and polylysine (for alternatives, see Note 6).

1. Make Sylgard-coated dishes:
Prepare 184 Sylgard silicone elastomer (Dow Corning) as directed by the manu-

facturer.
Plate 0.5 mL of Sylgard per 35-mm tissue culture dish.
Cure for 12 h at 60°C.
Store at room temperature.

Fig. 1. Microinjection of a gap junction-permeant tracer. (A) Lucifer Yellow was
introduced via a microelectrode (e) into a neonatal rat cardiomyocyte. Within seconds,
the tracer diffused from the injected cell into several neighboring companion cells.
Note, however, that adjacent fibroblasts did not receive the tracer. (B) The experiment
was repeated, within the same culture dish, 15 min after addition to the culture medium
of 1 mM heptanol, a blocker of connexin channels. As a result of this blockage, the
intercellular exchange of Lucifer Yellow was drastically reduced. (C,D) Phase-con-
trast views of the fields shown in A and B, respectively. Bar, 20 µm.
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2. Make a poly-L-lysine solution:
Dissolve 1–10 mg of poly-L-lysine hydrobromide (mol wt 150,000–300,000;

Sigma Chemical) in 10 mL of phosphate-buffered saline (PBS), pH 7.2.
Put in each dish 2 mL of polylysine solution.
Incubate for 1 h at room temperature.
Rinse 3× for 5 min each in PBS.

3. Just before the microinjection:
Position a tissue fragment in the center of a Sylgard and poly-L-lysine-coated

dish, within a 20-µL drop of albumin- and serum-free medium.
After 5–30 min (a longer time period should be provided for attachment of

small pieces) at room temperature and within a humidified chamber, remove the
20 µL of medium.

Slowly add the medium to be used during the injection experiment.
Cover the medium with a thin layer of light liquid paraffin (BDH Laboratory

Supplies, Poole, UK) to avoid evaporation.
Transfer the dish on the heated (37°C) stage of the injection microscope.

3.1.1.2. PREPARING THE ELECTRODES

Electrodes are pulled from filament-containing borosilicate glass capillary
tubing (1.2 mm external diameter, World Precision Instruments ref. TW120F-4)
using a micropipet puller that is adjusted to give the desired electrode resis-
tance. Electrodes of 50–60 M when filled with 3 M KCl are adequate for
most uses (when filled with solutions of tracers, these electrodes show resistances
4–20× higher, depending on the solvent used). A few hours before the experiment:

1. Pull the electrodes using settings adapted to the type of electrode you need and
puller equipment you use.

2. Bend slightly the electrode shaft on a small gas flame.
3. Fill only the tip of the electrode with a stock tracer solution using a 34-gauge

nonmetallic syringe needle (MicroFil; WPI) fitted on a 0.22-µm pore filter (Ster-
ile Acrodisk®13, cat. no. 4454, Gelman Sciences).

4. Store the filled electrodes in a clean, humidified container.
5. Use within the next 6–8 h.
6. Just before each injection, fill the shaft of the electrodes with the injection solu-

tion, using a 34-gauge nonmetallic syringe needle fitted on a 0.22-µm pore filter.

3.1.1.3. PREPARING THE ELECTRODE ON ITS HOLDER

The conducting silver wire of the electrode holder should be coated as follows.

1. Prepare the following coating solution:
KCl 7.456 g
HCl (1 N) 100 µL
H2O to 1000 mL
Store at room temperature.
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2. Put 10 mL of coating solution in a beaker.
3. Place in it the silver wire to be coated.
4. Connect the end of the silver wire that will link the electrode to the injection

setup to the positive pole of 4.5 V battery (the negative pole of the battery is also
linked to another silver wire that is immersed in the coating solution).

5. Check for the development of gas bubbles along the wire connected to the nega-
tive pole of the battery.

6. Disconnect the battery after 5 min, when the silver wire of electrode holder has
darkened.

7. Mount the chlorinated wire on the electrode holder.
8. Place the tracer filled electrode in the holder.
9. Connect the electrode holder to the head stage of the micromanipulator.

3.1.1.4. PENETRATING A CELL

1. Under dark-field or phase-contrast illumination, position the electrode over the
area (in tissues) or the perinuclear region of the cell (in monolayer cultures) to be
injected, using a 6.3× objective.

2. Shift on the 25× or 40× objective lens.
3. Slowly lower the electrode against the cell membrane.
4. Compensate for series resistances using the balance control of the amplifier.
5. Compensate for electrode resistance using the neutral control of the amplifier.
6. Penetrate individual cells by briefly “vibrating” the electrode, using the negative

capacitance control of an amplifier (this procedure also results in the ejection of
some dye).

7. Check for correct penetration by a drop of resting membrane potential (for all
tracers dissolved in a salt solution) and rapid filling of the injected cell (if the
selected tracer is fluorescent).

8. As soon as the adequacy of the penetration has been ascertained, turn off the
UV illumination to prevent photoabsorption which could damage the cell (if a
video recording is made, the UV light should be decreased as much as possible
with inert absorption filters and the signal amplified with an adequate high
sensitivity camera) to minimize the binding of tracers to cytoplasmic and
nuclear components.

9. Start injecting the tracer.

3.1.1.5. INJECTING A TRACER

1. Apply to the electrode hyperpolarizing (negative) or depolarizing (positive) cur-
rent pulses, depending on whether the selected tracer has a net negative or a
positive charge. The duration, amplitude, and frequency of these pulses can be
varied depending on the type of electrode used (the amount of current that can be
injected decreases per unit time with increasing electrode resistance), the amount
of tracer to be injected, and the cell type. We routinely use square, 0.1-nA pulses
of 900 ms duration and 0.5 Hz frequency for 3–5 min.

2. During the injection, check for maintenance of adequate penetration by the per-
sistence of a stable resting membrane and, in the case of fluorescent tracers, by
the persistence of a high cell fluorescence.
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3. At the end of the experiment, interrupt the current pulses.
4. Gently pull the the electrode out of the cell.

3.1.1.6. RECORDING THE INJECTION

1. If you use a photographic camera, record each injection site before and/or after
pulling out the injection electrode, using Kodak Ektachrome 400 daylight film
for color slides and a constant exposure time of about 20 s.

2. If you use a video camera, record each injection online, using a high-sensitivity,
intensifying equipment (e.g., TM-560, Pulnix; http://www.pulnix.com) and a
VO-5630 U-Matic recorder (Sony; http://www.sony.com).

3.1.1.7. ANALYZING THE INJECTION

If a fluorescent tracer was chosen, the injected cell and its coupled neigh-
bors may be immediately visualized under a microscope before (in the case of
tracers that do not have affinity for cell components) or after fixation of the
specimens (in the case of tracers that bind to cell components). If Lucifer Yel-
low or neurobiotin is chosen, it is further possible to identify the cells contain-
ing the tracer (see Note 7), after processing of the tissues for light and electron
microscopy (9,10,17,24,26).

3.1.1.7.1. For Light Microscopy

1. Fix the injected sample 30–90 min at room temperature in a 4% solution of
paraformaldehyde.

2. Rinse 3× for 10 min in PBS.
3. Dehydrate by 10-min passages in a sequence of 30%, 50%, 70%, and 95% etha-

nol solutions.
4. Dehydrate by two 20-min passages in absolute ethanol.
5. Soak the specimens twice for 15 min in propylene oxide (absolute ethanol should

be used if the preparation was grown in a plastic dish).
6. Infiltrate the specimen for 2 h in a 1:1 (v/v) mixture of Epon 812 and either

propylene oxide or absolute ethanol.
7. Infiltrate the specimen for 12 h with pure Epon.
8. Embed the specimen in freshly prepared Epon 812.
9. Cure for 24 h at 60°C.

10. Cut serial sections of 1–5 µm thickness.
11. Screen the sections under a fluorescence microscope for injected and coupled

cells which may be recognized by a persistent fluorescence labeling.

3.1.1.7.2. For Electron Microscopy

1. Fix the injected preparation 90 min at room temperature in the 4% paraformalde-
hyde solution, supplemented with 0.1–1% glutaraldehyde.

2. Proceed through steps 2–9 as indicated for light microscopy in the previous section.
3. Cut section of about 600 nm thickness.
4. Screen sections under an electron microscope.
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3.1.2. Scrape-Loading

Scrape-loading is a simple alternative to microinjection for introduction into
cultured cells of tracers that cannot cross the cell membrane (15). In this
approach, monolayers of adherent cells are scraped in the presence of a gap
junction permeant tracer, which becomes incorporated by cells along the
scrape, presumably as a result of some mechanical perturbation of the mem-
brane. As normal membrane permeability is reestablished, the tracer becomes
trapped within the cytoplam and, with time, may move from the loaded cells
into adjacent ones connected by functional connexin channels (see Fig. 2). The
major advantages of the scrape-loading approach are that it does not necessitate
most of the special equipment and skills that are needed for microinjection, and
that it allows for the rapid and simultaneous assessment of junctional communica-
tion in large numbers of cells. It is therefore particularly useful when a large
screening of multiple conditions is required or when different regions of a cell
monolayer have to be compared within the very same culture dish (16). However,
the approach is hardly adequate to investigate small cells or cell assemblies (such
as pairs), as well as low-density cultures. It is also complicated when the extent of
junctional coupling is small or when selected cells have to be individually screened
for coupling. Eventually, it is rarely applicable to tridimensional systems (27).

3.1.2.1. PREPARING THE CULTURES TO BE SCRAPE-LOADED

Successful scrape-loading requires that cells are firmly adherent to the cul-
ture dish and form a homogeneous monolayer. To this end, plate the cells 2–3 d
before the experiment at a density sufficient to obtain confluent cultures at the
time of scrape-loading (plating density will vary depending on the growth rate
of the cell type under study).

3.1.2.2. SCRAPE-LOADING A CULTURE

1. Check the culture dish under phase-contrast illumination to ensure that an ade-
quate confluent monolayer has formed.

2. Remove the culture medium.
3. Rinse the cultures twice for 1 min with PBS.
4. Replace PBS with a volume of tracer solution sufficient to cover the culture (400 µL

for a 35 mm Petri culture dish).
5. Immediately pass the scraping tool across the center of the monolayer (see Note 3)

by moving it in a straight, rapid, and gentle way (there is no need to exert pres-
sure against the bottom of the culture dish).

6. Place the dish in a humidified, dark environment (e.g., a plastic box wrapped in alu-
minum foil and containing a filter paper saturated with water) and at 37°C, for 2 min.

7. Remove all tracer solution (tracers may be saved and used again, except if the
coupling test was performed in the presence of agents known or expected to alter
junctional coupling).
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8. Rinse the cultures 3× for 1 min with PBS.
9. Replace PBS with 4% paraformaldehyde fixative for 30 min at room temperature.

10. Examine the result of the experiment or seal the dishes with parafilm and store
them (for weeks if needed) at 4°C for subsequent analysis.

3.1.2.3. RECORDING (UN)COUPLING IN A SCRAPED CULTURE

1. Assess the tracer distribution under UV illumination, using filters for both fluo-
rescein detection (to visualize Lucifer Yellow) and rhodamin (to visualize conju-
gated dextran).

2. If you use a photographic camera, record several fields along the scrape line,
using Kodak Ektachrome 400 daylight film for color slides and a constant expo-
sure time of about 20–40 s. (As the fluorescence yield of a rhodamin signal is less
than that of Lucifer Yellow, allow for a longer exposure time when recording the
distribution of the rhodamin-labeled dextran.)

3. If needed, the extent of coupling may be further quantitated in scrape-loaded and
paraformaldehyde-fixed dishes by scanning fluorescence intensity across the
scrape (16).

3.1.2.4. ANALYZING THE RESULTS OF A SCRAPE-LOADING EXPERIMENT

The cells initially loaded during the scrape procedure are identified by their
content of both the junctional permeant (e.g., Lucifer Yellow) and impermeant
tracers (e.g., high molecular weight dextrans). Coupled partners are identified
by their content of only the permeant tracer and by their position with respect
to loaded cells, which they should always contact either directly (first-order
coupled cells) or via intermediate coupled cells (see Note 5).

Fig. 2. Scrape-loading of a gap junction-permeant tracer. (A) Lucifer Yellow was intro-
duced by making a scrape (arrowhead) across a monolayer of WB cells. After 2 min, the
tracer had diffused from the first order of tracer-loaded cells, located along the scrape, to
several orders of cells at distance from it. (B) After a few minutes of exposure to 1 mM
heptanol, the intercellular exchange of Lucifer Yellow was blocked and the tracer was re-
tained within the cells lining the scrape, which had been transiently permeabilized at the
beginning of the experiment. Bar, 50 µm.
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3.1.3. Incorporation of Membrane-Permeant Fluorogenic Molecules

The molecular permeability of connexin channels may be tested after load-
ing cells with nonfluorescent, fluorogenic esters that are small and nonpolar
molecules that freely diffuse across the cell membrane. Once within the cell,
these molecules are converted by cytoplasmic esterases into fluorescent com-
pounds that are highly hydrophilic, and therefore can no longer rapidly cross
the cell membrane to exit living cells. However, the small size and hydrophi-
licity of these tracers permit them to easily pass through gap junction channels
(12,19–21). In this method, coupling is assessed by mixing the ester-loaded
(donor) cells with unloaded (recipient) cells of the same or a different type, and
by monitoring the transit of the now fluorescent species from donor to recipi-
ent cells. Loading with fluorogenic esters is easy and does not require the spe-
cial equipment and expertise needed for microinjection. It may be preferred to
microinjection and scrape-loading for investigating coupling in large numbers
of cells, particularly if these are small and poorly (or not at all) adherent to
standard culture supports. However, this method is not easily applicable to the
vast majority of adherent cell types in culture, and cannot be used to investi-
gate coupling within intact tissues. Furthermore, it may be complicated in the
case of cells that do not incorporate the esters or retain their tracer derivatives
homogeneously, for example, because of a variable expression of cytoplasmic
esterases.

3.1.3.1. LOADING CELLS WITH THE ESTERS

1. Check for viability of the cultured cells under phase-contrast illumination.
2. Remove the medium.
3. Rinse the cultures twice for 1 min each with PBS.
4. Replace PBS with serum-free medium supplemented with the selected ester at

the final concentration indicated in Subheading 2.1.2.
5. Incubate the cells for 15–30 min at 37°C.
6. Rinse 3× for 5 min each with culture medium containing 10% serum (to remove

the nonfluorescent esters that may not have been incorporated, as well as the
fluorescent derivatives that may have escaped from cells).

7. Plate the loaded cells in fresh, serum-containing medium and maintain them in
the culture incubator.

3.1.3.2. ASSESSING (UN)COUPLING

1. Within 4 h following the loading, mix the loaded cells with nonlabeled partners
in proportions appropriate for the experiment (typically 3:1).

2. Coculture the labeled and nonlabeled cells in complete culture medium, for the
time required for the experiment. (Times ranging from 15 min to 24 h have been
tested depending on the type of cell and experiment. However, it is convenient to
keep the coculture period as short as possible, as the fluorescence of the ester
derivatives steadily decreases with time.)
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3. Examine the cocultures under UV illumination, using filters for fluorescein
detection.

4. Record the (un)coupling events by photography or video recording.
5. If needed, cells may be separated by standard Ca2+ chelation and trypsin treat-

ment procedures for quantitating coupling by fluorescence activated cell sorting
(18,22,28).

3.1.3.3. ANALYZING THE RESULTS OF AN ESTER-LOADING EXPERIMENT

In this type of experiment, coupling is demonstrated by the presence of fluo-
rescence within the unloaded (recipient) cells, which therefore should be easily
distinguishable from the (donor) cells that were initially loaded with the fluo-
rescent tracer. In some systems, this has been achieved by labeling either the
ester-loaded or the unloaded population with a marker such as a dialkylcarbo-
cyanine (Di-I), that permanently labels cell membranes (18). The further deci-
sion of whether cells that were not initially loaded with the tracer had actually
accumulated it as a result of junctional transfer should be made only after ensur-
ing that the putative recipient cells do contact donor cells, either directly or via
other coupled cells. Nonloaded cells that had remained isolated should also
remain nonfluorescent up to the end of the coculture period (see Note 5).

3.2. Assessing the Permeability to Endogenous Molecules

The technical approaches discussed previously allow for a direct evaluation
of the permeability of connexin channels to exogenous tracers, which may not
necessarily mimic the cell-to-cell exchange of endogenous molecules. Thus,
many of the molecules that are expected to be exchanged in vivo by coupled
cells have dimensions and charges (many of the physiologically relevant sec-
ond messengers are negatively charged at physiological pH) different from
those of several exogenous tracers, and hence may be restricted or facilitated in
their passage through gap junction channels, depending on the type of connexin
species (3–7). Also, all the techniques listed previously evaluate intercellular
exchanges after the experimental establishment of electrochemical gradients
between “donor” and “recipient” cells, which may be orders of magnitude
higher than those that could form within living cells (29–31). Taking these limi-
tations into account, various techniques have been devised to estimate the per-
meability of connexin channels to physiologically relevant molecules. Thus,
a variety of endogenous, low molecular weight species have now been shown to
cross junctional channels, including second messengers (27,29–34); metabolism
(29–31,35,36) and drug intermediates (37); oligomaltosaccharides (6); vitamins,
amino acids, and nucleotides (29–31,42). In view of the large size of the channel
pore, it is surmised that morphogens could also pass connexin channels (39).
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In a few studies, the permeability of junctional channels to these endog-
enous signals was established after their direct introduction into cells by way
of microinjection (35) or connexin-carrying liposomes (6). In other experi-
ments, attempts have been made to identify by HPLC screening entire set of
native molecules that is exchanged between coupled cells (43). However, the
vast majority of the studies that have investigated the junctional-mediated
exchange of endogenous molecules have taken advantage of the so-called meta-
bolic cooperation approach.

In this approach, a population of “donor” cells is incubated in the presence
of an excess of a radiolabeled precursor (typically uridine), and then cocul-
tured with unlabeled “recipient” cells (see Fig. 3). Under such conditions, quan-
titative autoradiography allows for an evaluation of the transfer of the resulting
metabolites from loaded to unloaded cells as a function of time (29–32,39–42).
Variations on this theme include “kiss of life” experiments, in which metabo-
lite-rich cells rescue from death enzymatically deficient cells to which they are
coupled, and “kiss of death” experiments in which recipient cells die after trans-
fer of a noxious metabolite (39–42). Recent studies on the so-called “bystander
effect” (44) have provided evidence that the latter cell-to-cell exchange of toxic
metabolites may actually be of therapeutic interest (37,44–46).

3.2.1. Loading Cells with Radiolabeled Precursors

1. Check the viability of the cultured cells under phase-contrast illumination.
2. Disperse the cells using standard Ca2+ chelation and trypsin treatment protocols.
3. Wash the cells twice in complete culture medium.
4. Distribute aliquots of the dispersed cells within plastic culture dishes, preventing

cell adherence (Falcon® cat. no. 1016, Becton Dickinson).
5. Culture one aliquot of (recipient) cells in fresh culture medium supplemented

with 5 µCi/mL of [3H]thymidine (15 Ci/mmol) for 22 h.
6. Culture another aliquot of (donor) cells for 19 h in normal medium and then for

3 h in medium supplemented with 25 µCi/mL of [3H]uridine (25 Ci/mmol).
7. Collect donor and recipient cell separately and wash them 3× for 5 min each with

culture medium containing 10% serum.

3.2.2. Assessing (Un)Coupling

1. Mix the thymidine- and the uridine-loaded cells in proportions appropriate for
the experiment (typically 3:1) and plate the mixed cell population within 60-mm
plastic culture dishes containing 5 mL of complete culture medium.

2. Coculture the cells for the time required for the experiment. (Times ranging from
3 to 24 h have been tested depending on the type of cell and experiment.)

3. Remove the medium.
4. Fix the cultures for 1 h at room temperature in the 2.5% glutaraldehyde solution.
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3.2.3. Recording the Results of the Metabolic Cooperation

1. Wash the fixed cultures 3× 10 min each with PBS.
2. In a photographic darkroom, dilute 20 mL of Ilford L4 emulsion (Ilford, Basildon,

England) in 20 mL of sterile, bidistilled water.
3. Remove the PBS from the culture dish.
4. Add 300 µL of emulsion per 35-mm tissue culture dish.
5. Cover homogeneously the cultures with a thin layer of emulsion by rolling the

dish.
6. Discard excess emulsion.
7. Pack the emulsion-covered dishes in a dark plastic box containing a desiccant.
8. Expose for 10 d in the dark and at 4°C.
9. In a photographic darkroom, develop the autoradiographs for 5 min at 20°C with

D19 (Eastman Kodak, Rochester, NY).
10. Rinse for 2 s in distilled water.
11. Fix for 5 min in a photographic fixative.
12. Seal a coverslip over the developed emulsion.
13. Examine the cultures using an inverted phase-contrast microscope.

3.2.4. Analyzing the Results of a Metabolic Cooperation Experiment

In this type of experiment, coupling is demonstrated by the autoradiographic
labeling of the cytoplasm of recipient cells, due to the incorporation in their
RNA of 3H-nucleotides synthesized (from uridine) within donor cells and trans-
ferred across connexin channels. The protocol described previously permits
positive identification of recipient cells, owing to the presence of the autora-
diographic labeling of nucleus, which results from the incorporation of
[3H]thymidine into DNA. The pattern of labelling of recipient and donor cells
may be assessed in cultures exposed only to either [3H]thymidine and -uridine.
Background staining is evaluated on the cytoplasm of recipient cells that had
remained separated from all donors and positive recipients. All recipient cells
that have acquired radiolabeled nucleotides as a result of coupling should con-
tact donor cells, either directly or via other recipients (see Note 9).

4. Notes
1. As a function of the scope of the study, of the cell type investigated, and of the

available funding, different setups may be found suitable for the intracellular
microinjection and recording of gap junction tracers. Basically, a general-purpose
setup should include a microscope, one or two micromanipulators, an electronic
rack for performing and controlling the cellular microinjection, and a camera
system to record the experiment. Most of the required equipment is commercially
available from several companies, for example, Zeiss (http://www.zeiss.com),
Nikon (http://www.nikon.com), Axon Instruments (http://www.axonet.com),
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World Precision Instruments (Aston, UK; http://www.wpiinc.com), and Tektronix
(Wilsonville, OR; http://www. tek.com). Other necessary pieces of equipment
(electrode puller, etc.) and materials may be found through the BioSupplyNet
Source Book (http://www. biosupplynet.com) and the Axon Guide for Electro-
physiology and Biophysics Laboratory Techniques (http://www. axonet.com).

2. Iontophoretic injection is usually amenable to a tighter control than pressure
injection and is therefore preferred in studies of small cells. In particular, primary
cells are usually more fragile than cells of permanent lines and may be easily
damaged by pressure pulses and/or by an excessive injected volume. In contrast,

Fig. 3. Gap junction transfer of endogenous nucleotides. (A) Primary insulin-
producing cells were allowed to incorporate either [3H]uridine, a precursor of nucle-
otides, or [3H]thymidine, which is incorporated into DNA. Immediately after mixing
and plating, the two cell types were readily distinguished by their autoradiographic
appearance. Thus, clusters were found to comprise both uridine-loaded cells, which
are identified by an intense labeling throughout the cytoplasm (thick arrows) and
thymidine-loaded cells, which are identified by an exclusively nuclear labeling (thin
arrows). (B) After a few hours of culture, mixed clusters contained a third cell phe-
notype (arrowheads) that featured autoradiographic labeling over both cytoplasm
and nucleus. This double labeling resulted from the connexin-dependent transfer of
3H-nucleotides (mostly UDP and UTP), synthesized by the uridine-loaded (donor)
cells, into the thymidine-loaded (recipient) cells. Bar, 10 µm.
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pressure injection may be preferred in experiments on large cells, whose proper
filling requires large volumes of tracers, and becomes mandatory when large
molecules, such as antibodies, have to be injected together with the gap junction
tracers.

3. Several tools, ranging from a No. 10 surgical scalpel blade to a regular wooden
tooth-pick may be suitable for making a scrape across a monolayer culture to be
loaded with a gap junction tracer. In several cases, however, we have found that
these tools result in the detachment of large portions of the cell monolayer from
the tissue culture dish and/or in an excessive cell damage along the scraped line.
To avoid these drawbacks, we have found most suitable to use a small diamond
wheel glass cutter (Fletcher) that is gently passed across the cell monolayer (16),
in much the same way a wheel cutter is passed across a pizza pie to cut slices.
Multiple scrape lines may be made across a single dish to increase the number of
cells to be loaded. We usually perform two scrapings along two perpendicular
axes passing through the center of the dish.

4. Microinjection and scrape-loading may be performed in any medium suitable for
the cell and tissue under study. However, to standardize the experimental condi-
tions (several components of media and serum may modulate connexin-dependent
coupling) and to decrease the background autofluorescence to which several com-
ponents of standard culture media (phenol red, etc.) contribute, we run all experi-
ments in a HEPES-buffered modified Krebs–Ringer buffer without serum.

5. In interpreting the results of a scrape-loading experiment, several cautions must
be taken. The tracers of functional connexin channels are selected for their very
limited permeation across (nonjunctional) cell membrane, but may readily enter
cells whenever this membrane loses its normal semipermability characteristics.
This loss is temporarily achieved, on purpose, by the mechanical scraping of
cells. However, it could also result from a permanent alteration due to cell aging
or death, which is a virtually obligatory event in every culture. To differentiate
such damaged cells from healthy cells containing the tracer as a result of either
initial loading or subsequent junctional transfer, make sure that the gap junction
permeant tracer is used in combination with a tracer known not to cross connexin
channels (e.g., high molecular weight dextrans). Any cell showing labeling for
both types of molecules may not have been coupled to neighbor cells. In addi-
tion, coupling evaluation is restricted to regions of the cell monolayer immedi-
ately lining the scrape line, which should preferentially pass across the center of the
culture dish (even in healthy cultures, cells located at the periphery of the dishes
may spontaneously take up gap junction permeant tracers, but not necessarily larger
molecules, in the absence of any manipulation).

6. For successful microinjection, tridimensional cell assemblies, such as intact tis-
sues, should be immobilized on an adequate support. When a Sylgard and poly-L-
lysine coating is not adequate, tridimensional cell assemblies may be attached to
standard culture dishes or coverslips using Tissucol Duo S (ImmunoAG, Vienna,
Austria), a biological glue made of thrombin and a mixture of several human
plasma proteins. To this end:



Permeability of Connexin Channels 221

a. Mix in equal parts the two Tissucol components.
b. Layer 10 µL of the biological glue in the center of a tissue culture dish or a

coverslip.
c. Rapidly stick the tissue to be injected on the biological glue.
d. Wait 5 min.
e. Cover with injection medium and process for microinjection.

7. If Lucifer Yellow was chosen, the injected and the adjacent coupled cells can be
usually directly located on sections by the residual fluorescence of the tracer (24)
or using specific antibodies against it (9). If neurobiotin was chosen, the injected
and the adjacent coupled cells can also be identified on sections after revealing the
injected tracer with either peroxidase-labeled (17) or fluorochrome-tagged
streptavidin.

8. In ester-loading experiments, nonloaded (recipient) cells that had remained iso-
lated at the end of the experiment should not fluoresce, owing to their inability to
establish functional connexin channels with primarily loaded donors. However,
some fluorescence labeling of these cells may occur as a result of either the
incorporation of residual fluorogenic esters from the medium or the leakage of
not fully deesterified esters from donor cells. Both problems can be usually con-
trolled by thoroughly washing donor cells before the coculture with nonloaded
recipients. Alternatively, the labeling period of donor cells may be extended,
providing sufficient time to cytoplasmic esterases for full transformation of the
esters into membrane impermeant derivatives.

9. In metabolic cooperation experiments, coupling is demonstrated by the autoradio-
graphic labeling of recipient cells in contact with donors, provided no such a label-
ing is seen in recipient cells that had remained isolated throughout the coculture
period. It is possible, however, that these cells may incorporate some [3H]uridine
left in the medium or lost by donor cells. This event, which can be assessed by
quantitating the cytoplasmic labeling of isolated recipients, is usually controlled by
thoroughly washing donor cells before the coculture with non loaded recipients.
The possible incorporation by recipient cells of labeled nucleotides and nucleic
acids lost by damaged donor cells should also be controlled as follows:
a. Expose donor cells to distilled water (5 mL per 60-mm culture dish) for 20 min.
b. Lyophilize the resulting lysate.
c. Redissolve the lyophilized lysate in 5 mL of culture medium without radiochemical.
d. Use this medium to culture unlabeled (recipient) cells for 24 h.
e. Screen for the autoradiographic labeling of these cells (which should be at

background levels) as described in Subheading 3.2.3.
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1. Introduction
The utility of Xenopus oocytes as a system for the expression and electro-

physiological analysis of many ion channels has been well documented. This
system offers several advantages. The oocytes are robust in terms of their han-
dling and care needs. This robustness, and their size allow for ready microin-
jection of cRNA into the cells without compromise to their health, or the use of
sophisticated equipment. Thus, functional analyses can be accomplished within
hours to days, as compared to the process of weeks to months that is involved
in the isolation of mammalian cells transfected stably with the cDNA of inter-
est. Transient transfections offer a somewhat more efficient means of express-
ing exogenous proteins in mammalian cells, but efficiencies are usually
sufficiently low (0.1–10%) that identification of the cells expressing the intro-
duced gene can be problematic. The size of oocytes is also an advantage for
electrophysiological analysis, which can be performed by dual-electrode volt-
age clamp, rather than requiring the more demanding approach of patch clamp.

The application of the oocyte expression system to the analysis of gap junc-
tional channels generally requires that the oocytes be stripped of their vitelline
membrane (as is also done for patch-clamp studies of transmembrane channels
expressed on oocytes). Two oocytes are then pushed together to form a pair
from which intracellular currents can be recorded. This additional level of com-
plexity is more than offset by the gain in rapidity of the assay. The efficiency
problem of transient transfections noted in the foregoing is amplified in the
case of gap junctional analysis that requires two cells, each expressing
connexins, to interact (i.e., even if transient transfection efficiency is as high as
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10%, then only 0.1% of contacts will occur between cells expressing connex-
ins). This leaves stable transfections as the only viable expression alternative,
and oocytes as the only reasonable way to do large, site-directed mutant
screens. Although oocytes represent a rather different environment to a mam-
malian cell, in all cases in which the properties of connexins expressed in both
oocytes and mammalian cells have been compared, they have proven to be
identical.

Oocytes also provide two other unique advantages in the analysis of
connexins and their gap junctional channels. Firstly, all vertebrate cell lines
studied to date show some levels of coupling via endogenous gap junctions. In
a few well-documented cases (e.g., HeLa and N2A cells), the endogenous
connexins are expressed at low levels, although this tends to vary between
subclones in different labs. Endogenous connexin RNA is also detected in
Xenopus oocytes (1), but only Xenopus connexin38 (Cx38) is expressed. This
can be effectively and completely eliminated with the injection of antisense
oligonucleotides (see Subheading 3.3.2.). This procedure is particularly effec-
tive in oocytes, as they possess a very active RNase H system (2), and do not
synthesize new RNA. A second advantage that is unique to the oocytes is the
ease with which interactions between the various members of the connexin
family can be studied. Heteromeric interactions within a cell can be investi-
gated through the coinjection of cRNAs for different connexins, while studies
of heterotypic interactions between connexins in apposed cells are even more
straightforward and can be accomplished by simply manipulating together pairs
of oocytes expressing different connexins.

Surprisingly, the oocyte expression system has also proven to be amenable
to biochemical analyses of connexins. Specific regions of a connexin can be
labeled in various ways and interactions with other cellular components—either
endogenously or exogenously introduced—can be determined. Although indi-
vidual cells have to be injected, the size and translational capacity of oocytes is
such that 10–20 cells are usually sufficient for most analytical purposes, includ-
ing coprecipitation. Sensitivity is increased further if radioactive amino acids
are coinjected with the relevant RNAs. A particular advantage of doing these
studies in oocytes is that biochemical analyses can be performed on the same
cells on which functional assays are done.

Although the oocyte expression system is a remarkably powerful one for the
study of gap junction structure and function, in some respects it is limited. The
size of the cells, and hence the relatively low membrane resistance (Rm) pro-
hibits the recording of single channels in paired oocytes, although for a few
select connexins is it possible to study the activity of hemichannels in isolated
membrane patches (3). Immunodetection of subcellular distribution of
connexins expressed in oocytes has also proven difficult. Although immunolo-
calization of connexin expression at the apposed surfaces of paired oocytes has
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been reported (4), background due to the trapping of antibodies in the yolk or
pigment granules often poses a problem and certainly prevents any possibility
of identifying sites of intracellular accumulation. Dye transfer studies between
oocytes have also proven limited. The system again offers the unique advan-
tage of quantitative correlation of dye transfer with electrical conductance in
the same cell pairs and ready measurements of directional dye passage through
heterotypic gap junctions (5). However, owing to the dimensions of the sys-
tem, very high conductances are needed in order to detect dye spread between
cells. Furthermore, the binding characteristics of the yolk have so far proven
incompatible with the use of cationic dyes—significant transfer occurring only
with anionic dyes such as Lucifer Yellow (5). Despite the nonideal nature of
the oocyte expression system for connexin localization and dye permeability, a
large number of research articles and reviews (6–8) have been published over
the last 10 years, attesting to its success as a functional assay for docking,
gating, and regulation of connexins. We summarize in the following subhead-
ings the techniques that are well adapted to the utilization of the oocyte expres-
sion system for a wide range of structure–function relationships.

2. Materials
2.1. Extraction and Preparation of Oocytes from Xenopus Laevis

1. Frogs: large, primed, and ovulating Xenopus laevis females (Xenopus 1, Ann
Arbor, MI) should be maintained at a constant temperature of approx 20°C, on a
12-h light/dark cycle.

2. Anesthesia: 0.15% solution of MS222 (Sigma Chemical, St. Louis, MO) in
dechlorinated water for submersion of frog.

3. Dissecting tools: Forceps, scissors, 3/8 circle surgical needle.
4. Collagenase, type 1A (Sigma Chemical, St. Louis, MO).
5. 17°C Incubator.
6. Dissecting microscope and light source (preferably fiberoptic).
7. Pasteur pipets, cut and flame polished for transferring oocytes.
8. 35-mm, 6-cm and 10-cm plastic culture dishes (no adhesive coating), 15-mL coni-

cal tubes (Miltex Instruments, Lake Success, NY).
9. 5–0 Silk, sterile surgical suture (Ethicon, Somerville, NJ ).

10. OR2 media (see Subheading 2.7.).
11. L15 media (see Subheading 2.7.).

2.2. RNA Preparation

2.2.1. Preparation of DNA Template, In Vitro Transcription, Recovery,
and Quantitation of RNA

1. Nuclease-free water (see Note 1).
2. Nuclease-free pipet tips (see Note 1).
3. At least 1 µg of linearized and cleaned template DNA at a concentration > 0.2 µg/µL.
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4. In vitro RNA Transcription Kit (mMessage mMachine Kit from Ambion, Austin, TX).
5. Geneclean Kit (BIO101, Vista, CA) for purification of plasmid DNA.
6. RNAID Kit (BIO101, Vista, CA) for purification of transcribed RNA.
7. Gel apparatus for analysis of template DNA and transcribed RNA.
8. 1% Agarose (FMC Bioproducts, Rockland, MN) gel.
9. Ethidium bromide (International Biotechnologies, New Haven, CT). Make up a

stock solution of 5 mg/mL in double-distilled water and store at 4°C. Add 5 µL of
stock to 100 mL of agarose gel mix used for electrophoresis. Caution: Ethidium
bromide is a carcinogen and a mutagen. Avoid contact with skin.

10. 1 kb DNA ladder (Gibco BRL, Grand Island, NY).
11. RNA ladder (0.24–1.95 kb ladder, Gibco BRL, Grand Island, NY).
12. Gel loading buffer for DNA analysis (see Subheading 2.7.2.).
13. TBE electrophoresis buffer for DNA analysis (see Subheading 2.7.2.).
14. Gel loading buffer for RNA analysis under denaturing conditions (see Subhead-

ing 2.7.2.).
15. TAE electrophoresis buffer for RNA analysis under denaturing conditions (see

Subheading 2.7.2.).
16. Deionized 6 M glyoxal (see Subheading 2.7.2.).

2.2.2. In Vitro Translation

1. RNA template from Subheading 3.2.3.
2. Rabbit Reticulocyte Lysate Kit including RNasin and Amino Acid Mixture minus

methionine (Promega, Madison, WI).
3. 35[S]Methionine (NEN, Boston, MA).
4. X-ray film (X-ARS, Kodak, Rochester, NY).
5. 12% Sodium dodecyl sulfate (SDS) polyacrylamide gel.
6. Molecular weight protein markers (e.g., Rainbow Colored High Molecular

Weight Protein Markers, Amersham Life Technologies, Arlington Heights, IL).
7. SDS polyacrylamide gel electrophoresis buffer (see Subheading 2.7.2.).
8. SDS polyacrylamide gel loading buffer (see Subheading 2.7.2.).

2.3. RNA Injection and Cell Pairing

1. Glass capillaries (Drummond, Broomall, PA; 7" 3-00-203-G/XL).
2. Pipet puller to make injection needles (Sutter, Novato, CA, e.g., model P-87).
3. Injection apparatus; needs to have the capability for 5–40 nl injection volume with

high reproducibility (Drummond, Broomall, CA. e.g., Nanoject 1 Auto/Oocyte Injector).
4. Coarse micromanipulator (Brinkmann, Mississauga, ONT, e.g., model MM33;

specify R or L hand).
5. RNA prepared to desired concentration (varies between 12.5 ng/µL for some

wild-type constructs and 600 ng/µL for mutants that couple poorly).
6. A 27-base antisense oligonucleotide complementary to nucleotides 327–353 of

the Xenopus Cx38 coding region (9).
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7. Injection dish (see Note 2).
8. Nuclease-free pipet tips (see Note 1).
9. Pasteur pipet, cut and flame polished for transferring the oocytes.

10. Agar-filled culture dishes with wells for pairing the oocytes along with special
culture dish lids for making the wells in the agar (see Note 3).

11. Noncompressible liquid such as mineral oil.
12. 30G 2" Needle and syringe for back-filling injection pipets.

2.4. Electrical Recording

1. Two dual electrode voltage clamp amplifiers with the capacity to clamp large cells
such as oocytes (Axon Instruments, Foster City, CA, e.g., GeneClamp Amplifier).

2. Silver chloride pellets (Axon Instruments, Foster City, CA, e.g., GeneClamp
Amplifier), rather than silver-chloride coated wire, may help stabilize the voltage
clamp of oocytes when transjunctional currents are large.

3. Four coarse micromanipulators (Brinkmann, Mississauga, ONT, e.g., model
MM33, specify R or L hand).

4. Data acquisition software and computer. Any version of pClamp (Axon Instru-
ments, Foster City, CA) is sufficient for the basic routines used to study
transjunctional currents in oocytes. pClamp runs on IBM-compatible computers,
the computer capacity required depends on the version. It is advisable to consult
a representative in the Technical Assistance Department at Axon Instruments to
ensure compatibility of hardware and software.

5. A to D converter with at least four input and two output channels (Axon Instru-
ments, Foster City, CA, e.g., Digidata 1200).

6. A vibration-free table (e.g., TMC, Peabody, MA) and Faraday cage may be neces-
sary depending on the stability of the floor and the adequacy of the grounding system.

7. Glass capillaries (WPI, Sarasota FL, e.g., TW150-4, fire polished).
8. 150 mM KCl solution and microFil™ syringe needles (e.g., WPI, Sarasota, FL)

for electrode filling.

2.5. Cytoplasmic Perfusion of Paired Oocytes (in Addition
to the Supplies and Equipment Required for Electrical Recording)

1. Perfusion chambers (see Fig. 1 and Note 4).
2. Microdissection scissors (Fine Science Tools, Foster City CA e.g., 8 cm straight

no. 15000-08).
3. Perfusion pump with an exchange rate of 0.5–10 mL per min (e.g., WIZ, ISCO,

Lincoln, NE).
4. For cleaning the chambers: 2% solution of microwash detergent (e.g., Conrad 70,

Fisher Scientific, Pittsburgh, PA), perchloric acid (Mallinckrodt, Paris, KY), and
hydrogen peroxide (CVS, Woonsocket, RI).

5. For assembling the chambers: Vaseline and fine paintbrush.
6. Intracellular solution (see Subheading 2.7.3.).
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2.6. Immunoprecipitation

1. 1.5-mL Eppendorf tubes.
2. 1-mL Syringe and 25G 1.5-in. needles (Precision Glide, Becton Dickinson,

Franklin Lakes, NJ).
3. Shaker at 4°C.
4. Protein A–sepharose (CL-4B) beads (e.g., Sigma Chemical, St. Louis, MO).
5. Monoclonal or polyclonal antibody against specific connexin sequence.
6. [35S]Methionine (0.43 µCi/mL, NEN, Boston, MA).

Fig. 1. (A) Schematic representation of the dual oocyte perfusion system. Two
chambers are separated by a coverslip, designed to facilitate oocyte coupling and seal
formation. The intact oocyte remains in standard extracellular solution (e.g. L15) while
the other oocyte is perfused with intracellular solution (see Subheading 2.5.) and cut
open with microdissecting scissors. Standard dual-electrode voltage clamp techniques
are used to measure transjunctional currents. (B,C) Equivalent circuits for oocytes
paired in the perfusion chamber before (B) and after (C) one of the oocytes is cut and
perfused. The seal between the oocyte and the coverslip (Rs) replaces Rm (the mem-
brane resistance) of the perfused oocyte in the equivalent circuit. Typical values of Rm,
Rs, and Rj are 1 M , 0.2–1 M  and 0.02–0.2 M , respectively.



Gap Junction Proteins 231

7. Oocytes injected with an adequate quantity of RNA and radiolabeled methionine.
About six oocytes are required for each lane of an analytical SDS polyacrylamide gel.

8. Immunoprecipitation buffers for denaturing or nondenaturing conditions (see
Subheading 2.7.4. and Note 5).

9. Materials for SDS-polycrylamide gel electrophoresis (SDS-PAGE) (see Sub-
headings 2.2.2. and 2.7.2.).

2.7. Buffers and Solutions

2.7.1. Oocyte Handling

1. OR-2 Solution: 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM Tris base, pH 7.3
(Sigma, St. Louis, MO). Make up 1 L of OR-2 solution and add 20 mg each of
streptomycin sulfate, penicillin G, and gentamicin sulfate (Sigma Chemical, St. Louis,
MO) to make a final concentration of 20 µg/mL. Sterile filter and store at 4°C.

2. L15 medium (2 L of half-strength): One bottle of L15 (Sigma Chemical, St. Louis,
MO), 1975 mL of H2O, 25 mL of 1 M (HEPES pH 7.6 (Sigma, St. Louis, MO).
This makes 2 L of half-strength L15. Add 40 mg each of streptomycin sulfate,
penicillin G, and gentamicin sulfate (e.g., Sigma Chemical, St. Louis, MO) to
make a final concentration of 20 µg/mL. Sterile filter and store at 4°C. The final
pH should be 7.4, with no adjustment necessary.

2.7.2. RNA Preparation and Protein Analysis

Numbers in parenthesis represent final concentrations.

1. TBE electrophoresis buffer: prepare 1 L of 10× TBE and dilute it with double-
distilled water to 1×, pH about 8.2, prior to use.

108 g of Tris base (89 mM) (TRIZMA, Sigma, St. Louis, MO).
55 g of boric acid (89 mM) (Sigma, St. Louis, MO).
40 mL of (0.5 M) Na2EDTA (20 mM), pH 8 (Sigma, St. Louis, MO).
Double-distilled water to 1 L.

2. Gel loading buffer for DNA: prepare 10× solution and dilute to 1× with double-
distilled water prior to use.

20 mL of Ficoll 400 (20%) (Sigma, St. Louis, MO).
20 mL of 0.5 M Na2EDTA (20 mM), pH 8.0 (Sigma, St. Louis, MO).
1 g of SDS (1%) (Sigma, St. Louis, MO).
0.25 mL of bromophenol blue (0.25%) (Sigma, St. Louis, MO).
0.25 mL of xylene cyanol (0.25%) (Sigma, St. Louis, MO), optional, helps

monitor the gel.
Double-distilled water to 100 mL.

3. TAE electrophoresis buffer: Prepare 1 L of 50× and dilute it to 1×, pH 8.5, with
double-distilled water prior to use.

242 g of Tris base (2 M) (TRIZMA, Sigma, St. Louis, MO).
57.1 mL of glacial acetic acid (5.71%) (Sigma, St. Louis, MO).
37.2 g of Na2EDTA (0.1 M) (Sigma, St. Louis, MO).
Diethylpyrocarbonate (DEPC)-treated water (see Note 1) to 1 L.
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4. Denaturing buffer for RNA:
1.7 µL of 100 M sodium phosphate, pH 7.0 (Sigma, St. Louis, MO).
2.9 µL of 6 M deionized glyoxal (see Subheading 2.2.1.).
8.6 µL of dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO).
1–2 µL of RNA.
Glyoxal is usually obtained as a 40% solution (Sigma, St. Louis, MO). Deion-

ize it by passing it though a mixed-bed resin (e.g. Bio-Rad AG 501-X8 or X8D
resin, Bio-Rad, Hercules, CA) until the pH is neutral. Store at –20°C in small
aliquots in tightly capped tubes. Prepare the sodium phosphate by dissolving
0.1 mol in a minimal volume of water. Adjust the pH to 7.0 with concentrated
phosphoric acid. Adjust the volume to 1 L and autoclave.

5. Loading buffer for denatured RNA (4×): make up 10 mL of 4× buffer and store at
4°C. Add approx 4 µL of buffer to 12 µL of sample prior to analysis.

5 mL of glycerol 50% (JT Baker, Phillipsburg, NJ).
1 mL of 100 mM sodium phosphate, pH 7.0 (10 mM).
40 µL of bromophenol blue (0.4%) (Sigma, St. Louis, MO).
4 mL of double distilled water.

6. SDS PAGE buffer: prepare 1 L of 5× solution and dilute to 1× with double dis-
tilled water prior to use. Do not adjust the pH, as the required dilution results in a
solution of pH 8.3.

15.1 g of Tris base (203 mM) (TRIZMA, Sigma, St. Louis, MO).
72 g of glycine (0.96 M) (Sigma, St. Louis, MO).
5 g of 0.5% (w/v) SDS (0.96 M) (Sigma, St. Louis, MO).
Double-distilled water to 1 L.

7. Loading (sample) buffer for protein: prepare approx 100 mL of 2× solution start-
ing with 40 mL of water and adding the components in the order listed. Dilute
loading buffer to 1× with the sample prior to use.

40 mL of double-distilled water
1.52 g of Tris base (203 mM) (TRIZMA, Sigma, St. Louis, MO).
20 mL of glycerol (32%) (JT Baker, Phillipsburg, NJ).
2.0 g of (w/v) SDS (32%) (Sigma, St. Louis, MO).
2.0 mL of -mercaptoethanol (5%) (Sigma, St. Louis, MO).
1 mg bromophenol blue (approx 0.002%) (Sigma, St. Louis, MO).
Adjust pH to 6.8 with 1 N HCl.
Double-distilled water to 100 mL.

2.7.3. Cytoplasmic Perfusion of Oocytes

1. Intracellular solution (for perfusion experiments): 89 mM KCl, 2.4 mM NaHCO3,
0.8 mM MgCl2, 0.2 mM EGTA (Sigma, St. Louis, MO), 15 mM 4-(2-hydro-
xethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma, St. Louis, MO), adjust
to pH 7.4 with KOH.

2.7.4. Immunoprecipitation

1. Immunoprecipitation (IP) buffer 1 (for cell lysis and IP under nondenaturing con-
ditions): 50 mM Tris base, pH 7.6 (TRIZMA; Sigma, St. Louis, MO), 100 mM
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NaCl, 1% Nonidet P-40 (NP-40) (or IPEGAL CA 6310; Sigma, St. Louis, MO),
0.5% sodium deoxycholate (Fisher Scientific, Fairlawn, NJ), 0.1% SDS (Sigma,
St. Louis, MO), 2 mM EDTA (Sigma, St. Louis, MO), 1 mM NaVO4 (Sigma, St.
Louis, MO), 50 mM NaF (Sigma, St. Louis, MO), 40 mM -glycerophosphate
(Sigma, St. Louis, MO), 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma,
St. Louis, MO), 10 µg/mL of pepstatin A (Sigma, St. Louis, MO), 10 µg/mL of
leupeptin (Sigma, St. Louis, MO), 10 µg/mL of aprotonin (Sigma, St. Louis, MO).
The protocol requires 4 mL of buffer per six oocytes.

2. IP buffer 2 (for cell lysis under denaturing conditions): 50 mM Tris-HCl base,
pH 7.6 (TRIZMA; Sigma, St. Louis, MO), 1% SDS, 100 mM NaCl, 1 mM
NaVO4, 6 mM EDTA, 50 mM NaF, 40 mM -glycerophosphate, 10 µg/mL of
leupeptin, 10 µg/mL of pepstatin A, 10 µg/mL of aprotonin, 1 mM PMSF. The
protocol requires 800 µL per six oocytes.

3. IP buffer 3 (for IP under denaturing conditions): 50 mM Tris-HCl base, pH 7.6
(TRIZMA; Sigma, St. Louis, MO), 2% Triton X-100, 100 mM NaCl, 1 mM
NaVO4, 6 mM EDTA, 50 mM NaF, 40 mM -glycerophosphate, 10 µg/mL of
leupeptin, 10 µg/mL of pepstatin A, 10 µg/mL of aprotonin, 1 mM PMSF. The
protocol requires 3.2 mL per six oocytes.

3. Methods
3.1. Extraction and Preparation of Oocytes from Xenopus laevis

Detailed instructions on the care of Xenopus laevis frogs are available else-
where (10). To maintain consistent oocyte quality and minimize seasonal varia-
tions, we have found it advisable to maintain the same animals over 2–3 yr in a
constant temperature, 12-h day/light cycle. It is also advisable to keep new
frogs in separate tanks to avoid synchronization of seasonal cycles. Oocytes
should not be removed from each frog more often than once every 3 mo to
ensure animal health and avoid depletion of the oocytes.

1. Submerge the frog in a chilled solution of 0.15% MS222. The anesthetic is absorbed
through the skin. Place a wet paper towel on top of a bed of ice. When the frog is
nonresponsive to touch, place it face up on the wet paper towel and ice.

2. Perform an abdominal laparotomy with a 2-cm horizontal incision to the left or
right of the midline and remove three to five lobes of oocytes. Place the oocytes
in a 35-mm Petri dish containing OR-2 solution (see Note 6).

3. Using suture, stitch the endodermal layer first. Use two or three stitches, con-
necting the first two stitches and doubling the suture on the second stitch. Stitch
the skin layer. Return the frog to a cold, shallow aquarium tank to recover as the
water slowly returns to room temperature.

4. Separate the oocytes into clumps (5–10 oocytes/clump is best). Use forceps and
remove as much sac as possible. Place the clumped oocytes in a 15-mL conical
tube containing 15 mg of collagenase dissolved in 5 mL of OR-2 solution. After the
oocytes are added bring the volume to 10 mL with OR-2 solution and start timing
while gently rocking the tube on a shaker. Collagenasing times will vary between
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25 and 45 min depending on the collagenase and the oocytes. New collagenase
should be tested on a few oocytes prior to use, as efficiency and toxicity vary
between lots.

5. When the oocyte clumps look like they might be starting to separate, rinse them
with OR-2 solution—first in the tube 4 to 5×, then in a 10-cm Petri dish another
4 to 5× using a shortened, polished pasteur pipet. Rinse once with L15 medium
and store in sterile culture dishes containing L15 in a 17°C incubator.

6. Oocytes usually remain healthy for up to a week if the medium is changed daily.
Removing the follicular membrane prolongs the health of the oocytes, as does
removal of early- and late-stage oocytes from the preparation.

7. Using fine forceps remove the outer layer of follicle cells surrounding each oocyte.
In most cases this layer is an opaque off-white color and is clearly visible. Often
fine, branching capillaries can be seen in the follicular layer. The follicular layer is
degraded during the collagenase treatment and may therefore be partially or
totally absent from some oocytes. To preserve the health of the oocyte, it should
be noted that while it is customary to remove the follicular layer manually after a
short collagenase treatment, longer collagenase treatments can be used to com-
pletely defolliculate the oocytes. However, these prolonged treatments can also
compromise the long-term health of the oocytes.

3.2. RNA Preparation

3.2.1. Preparation of the DNA Template

1. The DNA of interest should be cloned into a vector so that sense RNA can be
transcribed from either SP6, T3, or T7 polymerase sites (SP6 is usually less effi-
cient). Ideally, a vector with promoters at either end will allow for the synthesis
of both sense and antisense (as a negative control) transcripts. The translation of
some cRNAs in oocytes can be inefficient. This can be improved by cloning the
gene of interest between the 5' and 3' untranslated regions of Xenopus -globin to
provide an endogenous ribosome binding site. Several vectors have been pro-
duced for this purpose from the basic SP64T (11) to other variants with multiple
cloning sites inserted between 5' and 3' untranslated -globin sequences. The
orientation of the original DNA template should always be confirmed by selec-
tive restriction enzyme cuts (see Note 7).

2. Once the orientation is confirmed, linearize the template with a restriction enzyme
that cuts at the 3' end of the insert (when making sense cRNA). Linearize up
to 5 µg of template. (Each transcription reaction requires only 1 µg of DNA but
starting with more DNA will save time later). Use 8–10 U of restriction enzyme
per microgram of DNA to ensure complete digestion.

3. Incubate at the suggested temperature for 1–2 h. Following incubation briefly
centrifuge the sample in a microfuge (5 s) and take an aliquot (approx 0.5 µg) for
electrophoresis on a 1% agarose gel for quantitation and to ensure full lineariza-
tion (see Note 7).

4. Purify the digested DNA using a Geneclean Kit (BIO101, Vista, CA) following
the manufacturers’ guidelines. Alternatively, the DNA can be prepared by stan-
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dard phenol–chloroform and chloroform extractions followed by ethanol precipi-
tation in 0.3 M sodium acetate. It is estimated that 80% of the linearized DNA
template is recovered with the Geneclean Kit, and it is generally not necessary to
quantitate the DNA again by running an aliquot (e.g., 1 µL) on a 1% agarose gel
(see Note 7).

3.2.2. In Vitro Transcription

Before initiating the in vitro transcription reactions a number of precautions
should be taken to avoid contamination of kit components with nucleases (see
Note 1). Always wear gloves when working with RNA and store all kit compo-
nents at –80°C. Any chemicals used in the transcription reaction or analysis of
RNA should be maintained carefully (e.g., powdered chemicals should poured
from their containers, rather than inserting spatulas).

1. Prepare the mMessage mMachine In Vitro Transcription Kit (Ambion, Austin,
TX) by thawing, gently vortex-mixing, and briefly centrifuging (5 s in a micro-
fuge) the Transcription Buffer, Ribonucleotide Mix, and nuclease-free water. Keep
the Enzyme Mix on ice. The usual reaction volume is 20 µL and should include
1 µg of linearized template DNA (see Subheading 3.2.1.) in a volume of 6 µL or
less. Add the reagents, in the order shown, to a 1.5-mL Eppendorf tube at room
temperature. The instruction manual provided with the mMessage mMachine Kit
(Ambion, Austin, TX) gives more detailed instructions and lists the constituents
of the following buffers and mixes.

4 µL of nuclease-free water for a final reaction volume of 20 µL.
2 µL of 10× reaction buffer.

10 µL of 2× ribonucleotide mix.
1 µL of 1 µg linearized template DNA.
2 µL of 10× enzyme mix (either SP6, T7, or T3 RNA polymerase).
1 µL of RNasin (Promega, Madison, WI) can also be added if yield is low or

degradation is suspected.
2. Mix contents by flicking the tube gently. Incubate at 37°C for 1–2 h. For SP6

polymerase reactions a 2-h incubation is preferred, whereas shorter incubation
times (approx 1 h) are sufficient for T7 or T3 reactions.

3. Add 1 µL of RNase-free DNase (from the mMessage mMachine Kit, 2 U/µL) to
the reaction. Mix thoroughly with a pipet. Incubate at 37°C for a further 15 min.
If alternatives to the mMessage mMachine kit are used for RNA transcription add
1 µL of RQ1 DNase (an RNase free DNAase from Promega, Madison, WI).

3.2.3. Recovery and Quantitation of the RNA

The mMessage mMachine Kit (Ambion, Austin, TX) includes protocols for
LiCl precipitation or phenol–chloroform extraction of RNA. However, for the
purpose of expression in oocytes, we have more consistent success using the
RNAID Kit (BIO101, Vista, CA).
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1. Add 65 µL of RNA binding salt and 20 µL of RNAid mix. Incubate at room
temperature for 20 min mixing occasionally.

2. Centrifuge for 1 min at maximum speed in a benchtop centrifuge (approx 17,000 gmax).
The RNA should pellet with the beads but save the supernatant for analysis.

3. Wash the beads with 700 µL of RNA wash solution and resuspend with a pipet
tip. Centrifuged for 1 min as previously.

4. Repeat the wash step twice.
5. Dry the pellet by removing as much solution as possible with a fine-tipped pipet.
6. Elute the RNA by resuspending the pellet in 20 µL of nuclease-free water and

incubating at 45–55°C for 3 min. After gentle mixing, centrifuge for two min at
17,000 gmax to pellet the beads and collect the supernatant, which contains the RNA.

7. Perform a second elution on the pellet using only 5 µL of nuclease-free water. Incu-
bate and harvest the supernatant as before. Store stock solutions of RNA at –80°C.

8. Quantitate the RNA under denaturing conditions by gel electrophoresis (but see
Note 7). Prepare a 1% agarose gel in 1X TAE electrophoresis buffer (see Sub-
heading 2.7.2.). Since glyoxal reacts with ethidium bromide, the gels are poured
and run in the absence of ethidium bromide. Prepare the RNA for gel electro-
phoresis by adding 1–2 µL of RNA to the approx 13 µL of denaturing buffer for
RNA (see Subheading 2.7.2.). Incubate at 50–55°C for 1 h. Also prepare a known
quantity of RNA ladder using the same techniques. Add 4 µL of RNA loading
buffer (4×) (see Subheading 2.7.2.) to the 15 µL of denatured RNA and analyze
the sample on the prepared gel.

9. After the gel electrophoresis is complete, stain the gel for 10 min in 50 mM NaOH
by adding 5 µg/mL of ethidium bromide.

10. Destain the gel for 15 min in 100 mM sodium phosphate, pH 7.0 (see Note 8).

3.2.4. In Vitro Translation Reaction

It may be useful, particularly for mutagenesis studies where the coding region
has been changed, or when no functional expression of the cRNA is detected in
oocytes, to test the RNA template in an in vitro translation system. The results
of the translation will provide information about the quality of the RNA and
the size and quantity of the protein product that can be produced.

1. Assemble the following components in a 1.5-mL eppendorf tube:
25 µL of Rabbit Reticulocyte Lysate (Promega, Madison, WI).

1 µL of Amino Acid Mixture minus methionine (Promega, Madison, WI).
4 µL of [35S]methionine (10 mCi/mL).
1 µL of 40U/µL RNasin ribonuclease inhibitor.
1 µg of RNA template.
Nuclease-free water to final volume of 50 µL.

2. Mix gently by pipeting the reaction up and down.
3. Incubate the reaction at 30°C for 2 h.
4. Add 3 µL of the product to 8 µL of 2× SDS polyacrylamide gel loading buffer

(see Subheading 2.7.2.) and 5 µL of double-distilled water. Run on a 12% poly-
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acrylamide gel using the SDS polyacrylamide gel electrophoresis buffer (see
Subheading 2.7.2.) and view the results using autoradiography.

3.3. RNA Injection

3.3.1 Preparation of the Injection Setup

1. Set the injection apparatus (see Note 9) to deliver 40 nL of solution at each injection.
2. Prepare the injection needles by pulling glass capillaries with a pipette puller.

Typically needles are fused at the tip after pulling, and the tip is then broken with
fine forceps under a dissecting microscope. The tip should be gradually tapered
and broken to a diameter that minimizes damage to the oocyte, but allows free
flow of oil and solution. Diameters of 20–30 µm are ideal. Completely fill the
injection capillary with mineral or paraffin oil using a 30G, 2-in. needle and
syringe. Secure it to the injection apparatus, ensuring that the needle is free of
small air bubbles.

3. Immediately before injection, place a drop of RNA on a nuclease-free surface
such as the protected side of parafilm or the inside of a sterile cell culture dish.
The concentration of the connexin RNA can range from 12 ng/µL to 10 µg/µL,
possibly higher depending on the construct. Antisense oligonucleotide to Xeno-
pus Cx38 (1 µg/µL) can be coinjected with connexin RNA to minimize endog-
enous coupling, in which case the RNA and Xenopus Cx38 antisense DNA are
mixed prior to injection, For connexins that couple with Cx38 (e.g., Cx43) it may
be necessary to preinject antisense oligonucleotide (see Subheading 3.3.2.). The
volume of RNA loaded into the injection capillary will depend on how many
oocytes are to be injected (40 nL/oocyte plus a little extra). Although the injector
will have the capacity to take up larger volumes (5–10 µL) of solution, complica-
tions can arise during the injection procedure, in particular, bubbles may be
sucked into the injection capillary while the RNA is being taken up. To avoid
risking the loss of large quantities of RNA it is best to limit each fill of the needle
to a volume of approx 2 µL.

4. Carefully position the tip of the injection needle within the drop of RNA and
depress the “fill” button on the injector. Hold the button down until the drop has
been taken up, ensuring that air bubbles do not enter the capillary.

5. Retract the needle and begin injecting the oocytes as soon as possible.

3.3.2. Preparation of the Oocytes for Injection

1. Transfer about 25 oocytes (see Subheading 3.1), to the injection dish using the
cutoff pasteur pipet. The injection dish (described in Note 2) should be rinsed
prior to use with 70% ethanol, distilled water, and then half-filled with L15 media.
The preferred site of injection is the vegetal pole, although satisfactory cell
coupling is also achieved through injection at the equator. The oocytes should be
positioned with the preferred injection site facing upward.

2. It may be necessary to eliminate, or limit the contribution of endogenous Xeno-
pus connexins to cell coupling. Typically, Xenopus Cx38 is the only endogenous
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connexin to interfere with studies of mammalian connexins expressed in oocytes.
In cases in which Xenopus Cx38 is capable of functionally coupling with the
connexin of interest (e.g., Cx43, Cx30.3, Cx37), it is advisable to preinject the
oocytes with antisense oligonucleotide against Xenopus Cx38. The antisense oli-
gonucleotide (1 µg/µL or 4 ng/oocyte) should be injected 2–4 d prior to injection
of connexin RNA. The half-life of Cx43, determined through [35S]methionine
chase studies in the presence of cyclohexamide, is about 20 h, indicating that a
2–4 d preinjection allows ample time for the turnover of Xenopus Cx38.

3. Prior to the first injection, ensure that the apparatus is working by focussing the
microscope on the tip of the needle and pressing the injection button. A small
drop of RNA should be expelled from the tip. Slowly lower the injection needle,
until the needle touches the membrane of the oocyte. Push firmly to penetrate the
membrane, taking care not to crush or overly distort the oocyte. Press the inject
button, wait a second or two, and then retract the needle. Check periodically to
ensure that the needle is not clogged, either by watching the meniscus between
the RNA and the oil move, observing a slight swelling of the oocytes, or lifting
the needle out of solution and focussing on the tip while pressing the inject button.
After the oocytes are injected transfer them back to a culture dish containing L15.

3.3.3. Pairing the Oocytes

1. Allow the oocytes at least 3–4 h to recover after injection before manually strip-
ping the vitelline membrane. Stripping the vitelline membrane is a difficult and
arduous task and the success rate varies from about 30% to nearly 100%, depend-
ing on the batch of oocytes. Use two pairs of fine forceps. Pinch a small portion
of the outer membrane together with one pair of forceps and attempt to pull the
vitelline membrane away from this section without grabbing the plasma mem-
brane. The vitelline membrane is clear and colorless and sometimes adheres
strongly to the plasma membrane (see Note 10). After the membrane is removed,
the oocytes become fragile, sticky, and will burst upon contact with air. They
also tend to stick to the base of the culture dish, and it is advisable to transfer
them to a dish lined with 1% agar in L15 solution either prior to, or immediately
after, stripping. Removal of the vitelline membrane is not essential for the forma-
tion of gap junctions between oocytes as the oocytes send out processes that pen-
etrate the vitelline envelope. However, it is necessary for the reliable development
of significant junctional conductances within hours or days of oocyte pairing.

2. The vegetal poles of two oocytes, with vitelline membranes removed, are paired
by gently rolling two oocytes together in an agar well. This same well is used for
subsequent electrical recording of junctional coupling (see Note 11). Minimize
disturbance to the dish once the oocytes are paired as they are easily washed out
of the wells or uncoupled if the dish is tilted, particularly within the first few
hours after pairing.

3.4. Electrical Recording

Measurable junctional conductance (Gj) may develop as early as six h after
cell pairing. On the other hand it may take several days for coupling to occur
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depending on the RNA concentration, the construct, and the batch of oocytes
(see Notes 12–15). Typically cells are paired in the afternoon, left at room
temperature overnight, and recordings are made the next day. Varying the con-
centration of injected RNA is probably the simplest way to control the devel-
opment of junctional conductance, although reducing the incubation time (to
6–8 h) or the temperature (to 19°C) can also significantly reduce coupling lev-
els (see Notes 12–14).

1. Prepare the recording electrodes using the specified glass capillaries and the elec-
trode puller. The electrodes should taper gradually at the tip and have a resistance
in L15 media of 0.5–2.0 M when filled with 150 mM KCl. Ensure that the
appropriate voltage pulse protocols are set up and running correctly (see Table 1).

2. Ground the L15 media, preferably using a silver chloride pellet connected to a
virtual ground headstage. Ensure that the amplifier is in “setup” mode at all times
except during the voltage pulse protocols. Half-fill the electrodes with 150 mM
KCl and test the tip resistance in L15 media. Zero the offset potentials for all four
electrodes and ensure that the offset is not drifting.

3. Impale one oocyte with both a current injecting (I) and voltage sensing (V) elec-
trode and check that the membrane potential reading is similar for both elec-
trodes. The resting membrane potential of the oocytes will depend on the oocyte
batch and can range from –20 mV to –60 mV for healthy oocytes. When position-
ing two electrodes within the same oocyte keep the tips as far apart as possible.
Follow the same guidelines for impaling the second oocyte.

4. Voltage clamp the oocytes by switching from “setup” to “voltage clamp” mode.
Clamp the oocytes either to their initial resting membrane potential or a more
negative potential ensuring that both are clamped at the same potential.

5. Check Gj using a simple, 1 s voltage pulse protocol (see Table 1).
6. Measure and calculate Gj from the recorded current and voltage traces by mea-

suring the magnitude of the current step in the clamped cell (e.g., Ib) and the
magnitude of the voltage step in the pulsed cell (Va). Ensure that both Va and Vb

remain clamped (at the pulsed and holding potential, respectively,) during the
pulse by observing the recorded voltage trace (see Fig. 2).

7. If voltage sensitivity is to be measured, use a longer pulse protocol (see also
Note 12). The pulse length will depend on the connexin being expressed. For
instance, Cx40 inactivates rapidly ( = 0.5 s at Vj = 50 mV) and a pulse length of
5–10 s is sufficient for analysis of voltage sensitivity. On the other hand Cx26
gates slowly ( = 5.6 s at Vj = 104 mV) and pulse lengths of 30–40 s are required
for analysis of voltage gating (8). It is also possible to assess voltage-dependent
inactivation by extrapolation of Ij, as long as the pulse length is long enough to
obtain an accurate exponential fit of the current decay. In any case, given the
limited time resolution for voltage-dependent changes in current with large cells
such as oocytes, it is advantageous to extrapolate exponential fits to zero and
infinity to obtain accurate measurements of initial and steady state conductances,
respectively. One standard method for obtaining values for a number of parameters
associated with voltage gating involves the generation of a Gj vs, Vj plot with con-
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ductance normalized to the initial conductance interpolated at 0 mV. The drop in Gj

with increasing Vj is fit with a modified Boltzmann equation of the form:

Gj = Gj (min) + [1 – Gj (min)] / [(1 + eA1 (–V–V01)) (1 + eA
2

 (V–V02))] (1)

This formulation (Eq. 1), modified from the original Spray, Harris and Bennett
(12) equation by Ye Chen, allows a seamless fitting of the gating associated with
each hemichannel (subscripts 1 and 2), whether in homotypic or heterotypic con-
figurations. V01 and V02 represent the transjunctional voltages at which half maxi-
mal conductance occurs for each polarity of Vj and reflect the transition energy
between open and closed states. For homotypic channels that do not display sen-

Table 1
Standard Pulse Protocols for Dual-Cell
Two-Electrode Voltage Clamp Analysis of Gap Juntionsa

Duration Va Vb

Quick test of junctional conductanceb

250 ms Vhold Vhold

1 s Vhold – 100 mV Vhold

250 ms Vhold Vhold

1 s Vhold + 100 mV Vhold

Voltage pulse protocol to assess voltage sensitivityc

1 s Vhold Vhold

0.5 s Vhold + 20 mV Vhold

1 s Vhold Vhold

10 sd Vhold + Vstep Vhold

15 sd Vhold Vhold

0.5 s Vhold – 20 mV Vhold

1 s Vhold Vhold

10 sd Vhold – Vstep Vhold

5 s Vhold Vhold

aFor this protocol, “a” is designated as the pulsed cell and “b” is the
clamped one. Thus, Ib corresponds to Ij.

bInterepisode duration = 1 s; Sampling rate = 1 KHz.
cVhold = –20 to –40 mV (as close as possible to the resting membrane

potential of the oocytes). Vstep = 10 mV, increasing in 10 mV steps to
100 mV. An episode is acquired for each Vstep (e.g., ten episodes acquired
for ten 10 mV steps). Interepisode duration = 30 s. Sampling rate = 100 Hz.

dFor channels that inactivate slowly (e.g., Cx26 and Cx32) the pulse
duration can be extended to 40 s and the interpulse holding duration can
be extended to 45 s.
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sitivity to transmembrane voltage, the absolute values of V01 and V02 are equal.
A1 and A2 are directly proportional to the gating charge (n) as follows in (Eq. 2):

n = Akt/q (2)

where q, T and k represent the elementary charge, temperature, and Boltzmann
constant respectively. Fig. 3 shows the normalized Gj vs. Vj relationship for Cx32
expressed in Xenopus oocytes with a Boltzmann curve fit to the data.

3.5. Cytoplasmic Perfusion of Paired Oocytes

3.5.1. Preparation of the Perfusion Chambers

For the perfusion experiments, oocytes are paired in perfusion chambers (see
Note 4) rather than in agar wells. Always clean and dry the chambers immedi-
ately prior to use. A 2% solution of microwash detergent is usually sufficient. If

Fig. 2. Recordings from the four channels of a dual electrode voltage clamp during
a series of voltage pulses applied to paired oocytes. Channels 1 and 2 represent Vm and
Im, respectively for the oocyte held at –40 mV and pulsed in 20 mV steps to –140 mV
and +60 mV. Channels 3 and 4 represent Vm and Im respectively for the oocyte con-
tinuously voltage clamped at –40 mV. In this case Gj, calculated from the “instanta-
neous” current, measured about 10 ms after the change in Vm, was about 4.5 µS. The
oocytes were injected with 4 ng of Cx32 RNA plus 4 ng of Xenopus Cx38 antisense
oligonucleotide and were paired for 28 h.
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material has previously dried in the chambers or if they have been contaminated,
do not wash them with alcohol as this will cause cracking of the Perspex compo-
nents through dehydration. An alternative to microwash detergent is a solution
of 3% hydrogen peroxide, which must be rinsed thoroughly before introducing
the oocytes. Although the perfusion chambers are not sterile, if they are treated
carefully and the L15 is supplemented with antibiotics contamination of the wells
will not occur within the 24 h required for the development of junctional conduc-
tances. The main concern is that Rseal decays with multiple uses of the chambers.
However, treatment of the coverslips that divide the chambers with perchloric
acid as described in the following, will enhance adhesion when required.

1. Make a fresh saturated solution of KCl.
2. Mix 1 vol of the KCl with 3 vol of concentrated perchloric acid. Immediately

immerse the coverslips. Stir gently for 10 min, make sure the coverslips do not
stack on each other and all surfaces are treated evenly.

3. Discard the spent mixture with large volumes of running water and rinse the
coverslips for at least 10 min.

4. Wash the Perspex chamber with 2% microwash solution, rinse well with double-
distilled water, and air-dry.

5. Reassemble the chambers with the treated coverslips. Apply small amounts of
vaseline to the interface between the two chamber halves and the coverslip to
prevent leakage, although avoid vaseline squeezing into the chamber itself. Rinse
and air-dry the assembled chambers.

Fig. 3. Junctional conductance (Gj) plotted as a function of transjunctional voltage
(Vj) for paired oocytes injected with Cx32 cRNA. Gj was normalized to the initial
conductance (Gmax). The steady state Gj, calculated at the end of the voltage pulse was
then plotted against Vj and the data were fit to a modified Boltzmann equation (see
text) with a V0 of approx 70 mV.
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6. Add 600 µL of L15 kept at room temperature to each well. Wipe dry the surfaces
around the chamber. If required, expel air bubbles from the wells with a syringe
and needle, particularly those that may contact the oocytes. Cover the chambers
with sterile culture dish lids.

3.5.2. Preparation of the Oocytes

Prepare the oocytes as described previously for electrical recording. Care-
fully transfer the stripped oocytes to the wells, attempt to roll them into the
lower part of the chamber so the vegetal poles will face each other. Recordings
are typically made 12–24 h after pairing (see Notes 12–15).

3.5.3. Preparation of the Electrical Recording Apparatus

Preparation of the electrical recording apparatus, micorelectrodes and pulse
protocols is the same as for intact oocytes. The ground electrode should be
placed in the chamber with the pulsed intact oocyte.

1. Test Gj as described previously. Junctional conductances in the 5 µS–10 µS range
are ideal. Intact oocytes can be clamped at their resting Vm or at -40 mV. A series
of long voltage pulses (see Table 1) should be applied to ensure that the
transjunctional currents show the characteristic voltage sensitivity of the expressed
connexin. This recording can be used as a reference to ensure that the gap junc-
tion plaques and Rseal are not damaged when the oocyte is cut and perfused.

2. Once Gj and voltage sensitivity have been noted, remove the recording electrodes
and perfuse one oocyte with intracellular solution using a peristaltic pump at a
flow rate of 0.5–1 mL/min. It is best to perfuse the oocyte that will be clamped
rather than the oocyte that will be pulsed. Care should be taken to maintain an
equal volume of solution on the two sides of the chamber. When the L15 medium
has been completely replaced with intracellular solution, use fine microdissecting
scissors and cut open the perfused oocyte under a dissecting microscope. Cut
away as much of the oocyte as possible (usually one third to one half of the
oocyte), being careful not to disrupt the seal between the oocyte and the cover-
slip. To minimize the problem of having the scissors stick to the oocyte, keep
them extremely clean—they can be washed in a sonicator with some detergent,
rinsed with distilled water and ethanol, and air-dried.

3. After dissection, test Gj again to determine whether the seal has been damaged.
On the side of the cut and perfused oocyte, place the electrodes in contact with
the remaining plasma membrane. If possible use the electrodes to pry and hold
the oocyte open, increasing the volume of yolk that is in contact with the perfu-
sate. Ground is maintained in the bath of the intact oocyte. Pulses are usually also
applied to the intact oocyte. The resting membrane potential of the intact oocyte
will have dropped to near zero if the cells are well coupled. After one oocyte has
been cut and perfused, it is best to clamp the intact oocyte and the perfused cham-
ber at –20 mV during the voltage pulse protocol. If the cut oocyte cannot be clamped



244 Skerrett et al.

at –20 mV it is probably because the seal between the oocyte and the coverslip
has been broken. A series of long voltage pulses (Table 1) should be acquired
and compared to those recorded prior to cutting. Do not proceed if Gj has signifi-
cantly increased or if a large proportion of the voltage sensitivity is lost (indicat-
ing that much of the current between the chambers is a leak through Rseal).

4. A perfusion pump can be used to add reagents to the cytoplasmic face of the
oocyte once it has been successfully cut and perfused. However, influx and efflux
rates must be carefully monitored to avoid even minor changes in fluid level
within the chamber that could compromise the oocyte seal. It is also possible to
add reagents to the chamber from a stock solution, mixing the solution by
pipetting 10 µL or 20 µL up and down a few times. Again it is critical to ensure
the levels in the perfused and intact chambers remain equal.

3.6. Immunoprecipitation

1. Prepare the oocytes for injection as described previously. Approximately six
oocytes are required for each lane that will be run on the gel but it is best to inject
8 or 10 oocytes/lane depending on the health of the oocytes. The quantity of
RNA injected will vary between connexins and constructs. In general, the amount
of RNA required for immunoprecipitation (IP) is the same as that required for
measurements of Gj in oocyte pairs. Ideally, coincident measurements of Gj can
be obtained from paired oocytes of the same batch. We use approx 0.5 ng/oocyte
and 4 ng/oocyte of wild-type rat Cx43 and rat Cx32 RNA respectively for
immunodetection. For detection purposes, [35S]methionine should be injected
along with the RNA at this stage. Use the same procedure as for cytoplasmic
injections of RNA, injecting 40 nL/oocyte of a 0.43 µCi/mL solution. It is best to
do this 20 min after injection of the RNA and to work in a fume hood, as the
[35S]methionine solution is volatile. Ensure that correct authorization and proce-
dures for the use of radioactive materials are followed.

2. Let the injected oocytes sit for 6–24 h in L15 (half-strength) at room temperature.
3. Transfer the oocytes to 1.5 mL Eppendorf tubes (six oocytes per tube) using a

fire-polished Pasteur pipet.
4. It is best to follow the “denaturing protocol” to maximize connexin yield, unless

protein interactions are being studied.
a. Denaturing protocol:

Add 200 µL of IP buffer 2.
Pass the oocytes 18× through a 25G needle.
Boil for 5 min. Because, some connexins (Cx26, Cx32) tend to aggregate in
SDS when heated, in these cases, solubilize at room temperature for 20 min.
Add 800 µL of IP Buffer 3 to each tube and mix by inversion.

b. Nondenaturing protocol:
Add 1 mL of IP buffer 1.
Pass the oocytes 18× through a 25G needle.
Mix my inversion.

5. Centrifuge at 17,000gmax in a benchtop microcentrifuge for 5 min at 4°C.
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6. Carefully transfer the supernatant to a 1.5-mL Eppendorf tube. Discard the pellet.
Add 6 µL of crude serum containing the specific antibody to the supernatant (1 µL of
antibody/oocyte). For this protocol the concentrations of nonspecific and specific
antibody in the crude serum are approx 4 mg/mL and 1.5 mg/mL, respectively.

7. Incubate at 4°C overnight, shaking at a slow speed.
8. While incubating with the primary antibody, preswell the protein A–Sepharose

beads overnight. This protocol requires 100 µL of preswollen Sepharose beads
per six oocytes. Make up a 10% solution of Protein A–Sepharose in PBS buffer,
mix well, and leave on a shaker at 4°C overnight (see Note 16).

9. The next morning, add 100 µL of preswollen Protein A–Sepharose to each tube,
making sure to vortex-mix the Protein A–Sepharose before removing each 60-µL
aliquot. Mix by inversion and incubate at 4°C for 1 h.

10. Centrifuge 15 s at 17,000gmax in a benchtop microcentrifuge.
11. Discard the supernatant and then resuspend the pellet in 1 mL of buffer. For

nondenaturing conditions use buffer 1. For denaturing conditions make up a
wash solution consisting of 1 vol of IP buffer 2 diluted in 4 vol of IP buffer 3.

12. Repeat this wash step two more times through successive centrifugations and
resuspensions.

13. Allow 3 min for the last centrifugation. Remove the supernatant of the last wash
as completely as possible, without disturbing the beads.

14. Add 8 µL of SDS-polyacrylamide gel loading buffer and 8 µL of double-distilled
water to the pellet and vortex-mix.

15. Elution is achieved by boiling for 10 min (e.g., Cx43) or incubating at room
temperature for 30 min in the cases of connexins that tend to aggregate on heat-
ing (e.g., Cx26, Cx32).

16. Centrifuge the sample for 4 min at 17,000gmax in a benchtop microcentrifuge.
17. Load the supernatant on a 12 1/2% SDS-PAGE gel and proceed with normal electro-

phoresis. The scale of this procedure is for normal “minigels” of approx 7 × 8 cm.
18. Detect the 35S-labeled connexin using autoradiography (see Note 17).

4. Notes
1. Only nuclease-free water, pipet tips, and microcentrifuge tubes should be used dur-

ing RNA preparation. Prepare DEPC treated water by adding 0.5 mL DEPC to 1 L of
double-distilled water (0.05%). Stir well, incubate overnight, and autoclave at least
45 min. To treat pipet tips and microcentrifuge tubes, immerse them in 0.05% DEPC
in double-distilled water and stir overnight. Autoclave at least 45 min. DEPC-treated
water is also available commercially (Quality Biological, Gaithersburg, MD) as are
nuclease-free pipet tips (VWR, Westchester, PA) and Eppendorf tubes (Marsh Bio-
medical Products, Rochester, NY). Caution: DEPC can be explosive prior to auto-
claving, so treatment should be performed in open containers in a fume hood
and autoclaving should be performed immediately.

2. A 35-mm tissue culture dish can be modified to secure the oocytes during injec-
tion. Line the bottom with 20–40 layers of parafilm and make 30 or so divots in
the parafilm with the tip of a ballpoint pen.
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3. Prepare the agar-filled pairing dishes by dissolving 1% agar in L15. Pour the
solution into sterile 6-cm culture dishes to a depth of about 5 mm. Place the
special well-making lids on the dishes until the agar has set. The special lids can
be prepared by cutting the tips off 0.5-mL Eppendorf tubes and fusing three or
four of them to the inside of the culture dish lid with super glue, ensuring that
they do not quite touch the base of the culture dish when assembled.

4. Perfusion chambers are currently available from B.J. Nicholson, Dept. of Bio-
logical Science, SUNY at Buffalo, Buffalo, NY, USA, 14260. A perfusion cham-
ber is constructed from two Perspex blocks with small wells (volume approx. 1 mL)
in the center. When screwed together, the wells are separated by a coverslip that
has a small hole (diameter = 0.79 mm), positioned strategically to allow pairing
of the oocytes on opposite sides of the coverslip partition. One of the oocytes
forms a seal with the coverslip (Rseal = 0.2–1 M ), the value of which is critical
for two reasons. Firs, only one of the wells is electrically grounded and second,
Rseal replaces Rm (membrane resistance of the oocyte) when one of the oocytes is
cut and perfused (see Fig. 3).

5. If stock solutions are to be used, prepare all in double-distilled water except for
PMSF (200 mM in ETOH) and pepstatin A (5 mg/mL in ETOH). Adjust the
EDTA stock solutions to a pH of 8.0. The IP buffers can be prepared several days
in advance and stored at 4°C but the protease inhibitors and PMSF should be
added directly before use.

6. If using an OR-2 solution containing calcium, be sure to remove calcium and
rinse the oocytes thoroughly before collagenasing, as proteases are activated in
the presence of calcium, increasing damage to the oocytes during treatment.

7. A standard procedure for DNA analysis by electrophoresis is as follows: Prepare
a 1% agarose gel in 1× TBE buffer containing 0.05 µg/mL of ethidium bromide
for visualization of DNA. Fill the gel apparatus with 1× TBE to approx 1 mm
above the level of the gel. Ethidium bromide is highly carcinogenic and muta-
genic, so avoid contact with skin. Add 1 µL of 10× DNA loading buffer to 9 µL of
double-distilled water containing about 0.5 µg of the DNA to be analyzed. Run
next to a 1 kb DNA ladder (Gibco-BRL, Grand Island, NY). Visualize the DNA
with an ultraviolet light.

8. It is possible to obtain a rough estimate of RNA quantity under nondenaturing
conditions (e.g., as for DNA analysis by electrophoresis). However, under
nondenaturing conditions RNA may appear as multiple bands or as smeared
bands. The detection limit for RNA under denaturing and nondenaturing condi-
tions is in the 500 ng range with ethidium bromide.

9. The injection protocol is described for an automated injection system, namely
the Nanoject 1 Auto/Oocyte Injector (Drummond, Brooomall, PA). Fixed and
variable volume models are available, both are remote controlled. The fixed vol-
ume model delivers 46 nL/oocyte. The variable volume model can be set to deliver
volumes between 4.6 nL and 73.6 nL. The injection volume is commonly preset
to 40 nL but this can be decreased for small oocytes. An updated model, the
Nanoject 2, is now available from Drummond (Broomall, PA) and features dual
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injection speed and the capacity to hold flared glass which forms a superior seal.
A less expensive option for injecting RNA into the cytoplasm of ooctyes is the
manually controlled Oocyte Microinjection Pipet (Drummond, Broomall, PA).
This manual injector is postioned on a coarse micromanipulator in a similar way
to the automated injector but injection is controlled by a knob on the back of the
dispenser. Ten microliters of solution can be taken up and dispensed manually in
volumes > 30 nL. If accurate volumes are required the automated version is rec-
ommended, especially for inexperienced hands.

10. Inexperienced investigators may find it useful to expose the oocytes to a slight
hypertonic solution (e.g., full-strength L15) for 5 min as this causes shrinkage of
oocyte and separation of the vitelline membrane from the plasma membrane of
the oocyte, facilitating initial stripping. However, this process can further com-
promise the health of the oocyte and should be minimized and eventually elimi-
nated once experience is gained.

11. Pairing oocytes with their vegetal poles in apposition results in higher junctional
conductance than when animal poles are paired. Distribution of connexin proteins
is determined by the net positive charge on the protein, the membrane potential,
and the electrical field generated along the animal–vegetal axis of the oocyte (13).

12. It is best to check Gj sooner rather than later, as the characteristic voltage sensi-
tivity of the connexins is lost at high Gjs. Voltage sensitivity appears to decrease
as Gj increases because the series resistance (Rs) contributed by the electrode and
cytoplasm becomes proportionally larger with respect to the junctional resistance
(Rj). A large proportion of the voltage drop then occurs across Rs and the actual
transjunctional voltage (Vj) is smaller than the difference that is recorded between
the two voltage clamp command potentials (Va –Vb) (14). For this reason, studies
of voltage-gating should be carried out on oocyte pairs with low Gjs (e.g, < 5 µS)
with the understanding that the Gj- Vj curves may differ slightly from those obtained
for single channels or small cells.

13. Many mutants that show minimal or no coupling in homotypic pairings, couple
more efficiently when paired heterotypically with wild-type. This is particularly
apparent for mutants with altered voltage-gating characteristics that appear to
activate rather than inactivate in response to Vj (15).

14. Addition of micromolar concentrations of lectins to the media surrounding the
oocytes stimulates cell–cell adhesion and facilitates electrical coupling, but is
not required in most cases. Treatment with lectins is usually performed as follows.
Approximately 18 h after injection of RNA oocytes are stripped of the vitelline
membrane and incubated with the lectin glycine max (soybean agglutinin, Sigma, St.
Louis, MO) for 20 min, washed extensively, and then paired. After 2 h, Gj is approxi-
mately 10-fold higher in lectin-treated oocyte pairs than in untreated control pairs (16).

15. It may take slightly longer for Gj to develop when the oocytes are paired in the perfu-
sion chambers. If this is the case, inject a higher RNA concentration rather than wait-
ing longer, as the paired oocytes usually survive only for 30 h or so in the chambers.

16. If using a mouse monoclonal antibody, Protein G should be used. It is also pos-
sible to use a secondary antibody (e.g., anti-rabbit or anti-mouse as appropriate)
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conjugated to Sepharose beads. Pan sorbin (processed Staphylococcus aureus
bacteria) is a less expensive alternative, but does not pellet as well.

17. Immunoprecipitated connexin bands can also be detected by other methods if
preferred. If the protein is radiolabeled, phosphoimage analysis allows for more
rapid detection and ready quantitation of the bands. If the protein is not radiola-
beled, there is typically insufficient protein for direct staining, particularly given
the high background from the heavy and light IgG bands from the immunopre-
cipation. Western blot analysis is possible but an antibody from a different spe-
cies must be used to avoid the same background problem from IgG. Surface
biotinylation (17) can also be used in conjunction with immunoprecipitation as a
method of detecting connexin expression at the plasma membrane, as the biotin
is readily detected by an avidin conjugate.
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Mutagenesis to Study Channel Structure

Gerhard Dahl and Arnold Pfahnl

1. Introduction
Recently the crystal structure of a potassium channel has been determined

(1). The emerging structural features turned out to be a beautiful illustration of
both the power and limitation of the approach of structure–function analysis by
mutagenesis. The crystallographic data essentially confirmed models devel-
oped on the basis of mutagenesis data; in particular, the lining of a critical part
of the channel pore, the selectivity filter, by the P segment was verified. It also
exemplifies how much more detail the crystal structure can give as compared
to the crude information even the most sophisticated mutagenesis approach
can yield.

Structure–function analysis by mutagenesis is based on the conjecture that
mutations without functional consequences occur in positions that serve no
specific function but may merely act as spacers. On the other hand, alteration
of function including total loss of function as a result of mutation is typically
seen to be indicative of a specific functional role of the mutated amino acid(s).
Interpretation of mutagenesis data, however, is far from being that simple. For
example, even if a string of amino acids serves a spacer function, amino acids
in that region may not be replaced indiscriminately if the spacer has to approxi-
mate domains exactly to each other. It is also feasible that mutation of a single
amino acid may exert global structural changes by long-range effects and thus
may erroneously indicate the position of a functional domain. Thus, structure–
function analysis needs to be an iterative process in which proper interpreta-
tion requires complementary data from different approaches.

The crystal structure of gap junction channels will be solved eventually.
Strides toward this goal have already been made (2–4). However, even when
all nooks and crannies of the channel structure are revealed, the assignment of
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function to the structural details will require alternative techniques. Mutagen-
esis can be expected to play a leading role in this endeavor, only that mutations
then can be designed on a more rational basis than is possible now.

The general strategies of structure–function analysis by mutagenesis and
functional expression are described. In addition, detailed techniques for cys-
teine-scanning mutagenesis are given.

1.1. Mutation Strategies

1.1.1. Evolutionary Guidance/Sequence Diversity

The fastest and cheapest way to analyze functional domains of proteins is to
search databases for proteins with the same function in different species. This
approach will readily identify functional domains, provided the protein in question
is present in many branches of the phylogenetic tree and has no species-specific
functional peculiarities. With a sufficiently large database, the sequence alignment
will identify variable and invariant regions within the amino acid sequence. Func-
tional domains and folding domains will likely be found in the invariant regions,
while the variable regions are likely to represent spacer segments.

If the protein of interest is known to cause an inherited disease, the causative
mutations are to be found in structurally/functionally important domains. For
example, the mutations causing Charcot–Marie–Tooth disease are clustered in
the first transmembrane segment and the extracellular loops of connexin32
(Cx32). The first transmembrane segment contains pore-lining amino acids
(5), and most of the amino acids in the extracellular loops are essential in the
docking process between gap junction hemichannels (6–8).

1.1.2. Site-Directed Mutagenesis

Without guidelines from other approaches, the change of single amino acids
by site-directed mutagenesis and functional comparison between exogenously
expressed mutants and wild-type proteins is an inefficient process. To seri-
ously test a protein by site-directed mutagenesis one would need to change the
amino acid in every position into all other amino acids, express these mutants
exogenously, and then determine the functional consequences of the various
mutations. Such an exhaustive mutational study actually has been done with a
model system, a phage repressor (9), where the possibility of a functional
selection made this approach feasible. This example shows that the designa-
tions “variant” and “invariant” are not as clear-cut as one might expect.
Although certain positions were found to be truly variant, allowing substitu-
tion by almost any amino acid without functional loss, others allowed only
small groups of amino acids to replace those of the wild-type sequence. Such
groups may be quite heterogeneous, for example, a glutamate could be replaced
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by the other negatively charged amino acid, aspartate, but also by serine, threo-
nine, and alanine. On the other hand, other amino acids could be replaced only
by amino acids belonging to the same class (e.g., hydrophobic).

The success rate for site-directed mutagenesis to yield relevant data can be
boosted by consulting mutability tables (10), which indicate the odds at which
an amino acid mutated during evolution. Cysteine is one of the amino acids
least likely to mutate without loss or alteration of function. Based on the con-
servation of the extracellular cysteines in connexins and the observation that
gap junction formation was affected by thiol reagents, one of the first applica-
tions of site-directed mutagenesis to connexins targeted the six conserved cys-
teines in the extracellular loops (6,11). Substitution of any of the extracellular
cysteines by serines resulted in loss of the mutant connexins to form patent gap
junction channels. Subsequently, it has been shown that they are involved in
intramolecular disulfide bonds (12,13).

Other means to increase the success rate for site-directed mutagenesis to affect
protein function is to identify target areas in the form of consensus sequences for
secondary modification. For example, potential phosphorylation sites can be elimi-
nated by site-directed mutagenesis and the effect on function assayed. This
approach has identified a functionally important tyrosine phosphorylation site in
Cx43 (14) and excluded two potential phosphorylation sites in Cx32 as elements
indispensable for basic channel function (15).

Typically mutational analysis of proteins is done with the assumption that
side chain properties are the main determinants of an amino acid’s role in the
protein. However, this assumption may not always be valid: in potassium chan-
nels, for example, it is the backbone of amino acids that is channel lining (1).

1.1.3. Deletion Mutagenesis

A way to screen for functional domains is to delete groups of amino acids.
Because the amino terminus of membrane proteins is a key determinant of
membrane insertion and folding it customarily is spared from the deletion
process. Carboxy (C)-terminal deletions, on the other hand, by and large, are
inconsequential. Connexin 32 can be truncated by 58 amino acids at the
C-terminus without effect on basic channel function (15). Similarly Cx43 can
be truncated to a similar extent without loss of basic channel function (16). The
interpretation of this finding is straightforward, it shows that for all the func-
tions tested the C-terminus is dispensable. Of course, it does not mean that the
C-terminus exerts no function in a physiological setting. For example, a mutant
Cx32 (d219) forms apparently regular channels in oocytes (17) as well as in
cultured cells (18), yet the same mutation in the human Cx32 gene results in
Charcot–Marie–Tooth disease. Also, a deletion mutant of Cx43 was found to
have altered pH sensitivity, indicating that in Cx43 the C-terminus contains a
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sequence responsible for pH sensitivity (19). This activity subsequently was
shown to be contained within a short peptide, and it was suggested that pH
gating of Cx43 has aspects of a ball-and-chain mechanism (20).

1.1.4. Mutational Protein Scans

For mutational scans, successive amino acids within a target area of a pro-
tein are substituted one at a time by the same amino acid. The substituting
amino acid is chosen for certain properties. For example, a popular choice is
cysteine for its reactivity with thiol reagents. This approach is labor intensive;
even with a preselection of a target area, tens of mutants have to be analyzed.

1.1.4.1. CYSTEINE SCAN

Cysteine replacement mutagenesis has been successfully applied to a num-
ber of membrane channel proteins for identification of pore-lining amino acids.
Pioneering work was done by Akabas and Karlin on the nicotinic acetylcholine
receptor (21). Channels to which this technique has been applied to evaluate
pore-lining segments include -aminobutyric acid (GABA) receptor channels
(22), potassium channels (23,24), the cystic fibrosis tranmembrane conduc-
tance regulator (CFTR) (25), and gap junction channels (5). This approach is
also called the substituted-cysteine-accessibility method (SCAM) (25).

In most cases the cysteine scans confirmed the location of pore-lining seg-
ments as deduced from prior data on toxin binding sites, as determined by site
directed mutagenesis, or by data on domain swapping. Application of cysteine
scans to connexins was not as forthcoming owing to the inaccessibility of
the pore to chemical reagents in complete gap junction channels. However, the
discovery of open hemichannels formed by certain connexins when expressed in
Xenopus oocytes made the approach feasible. Contrary to other channels, no
guidance to the pore by independent data was available for gap junction chan-
nels. Speculation that the putative amphipathic helix in the third transmembrane
segment could form the channel pore had dominated the thinking in the field
even though no known channel has an amphipathic helix as pore lining. How-
ever, the SCAM approach identified the first transmembrane segment as an
important part of the channel lining, with an additional contribution possibly by
the third transmembrane segment (5).

An elegant variant of a cysteine scan was applied by Nicholson and co-work-
ers to test the folding properties of the extracellular loops of connexins (26).
Shifting the position of the extracellular cysteines, with and without preserva-
tion of spacing, resulted in a pattern of active connexin mutants consistent with
a  conformation of the extracellular loops.



Structure–Function Analysis 255

1.1.4.2. SUGAR SCAN

N-linked glycosylation of proteins occurs exclusively in the exoplasmic
compartment of the Golgi apparatus and the rough endoplasmic reticulum. This
feature can be used to determine whether a particular amino acid sequence
is located extracellularly. N-linked glycosylation takes place at the consensus
sequence NXS/T, where X stands for any amino acid. Replacing the endstanding
amino acids of a triplet by N and S or T will insert a potential glycosylation site
into the protein of interest. Provided that this site is accessible to glycosylation
enzymes and not buried, it will be used for addition of sugar moieties. Glycosylation
results in retardation of the protein on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Insertion of artificial glycosylation sites in different
parts of a protein by site-directed mutagenesis, followed by in vitro translation or
exogenous expression and analysis of the protein by SDS-PAGE, thus can be used
to determine whether glycosylation occurs at the introduced sites. This “sugar scan”
was developed independently in three laboratories for mapping of extracellular
sequences of Cx32 (7) of CFTR (27), and of a glutamate receptor (28). Of course
only positive results are interpretable; if the artificial site is used, the segment is
located extracellularly. Lack of glycosylation of such an artificial glycosylation
site on the other hand does not exclude an extracellular localization because this
amino acid stretch could be extracellular but buried, in addition to being located in
the membrane or intracellularly.

In theory, any secondary modification of proteins involving consensus
sequences should be useful for similar scanning procedures. For example, phos-
phorylation sites could be used for mapping of intracellular segments.

1.1.5. Accessibility Test for Localizing Channel Gates

A reactive amino acid such as cysteine, native or engineered, can serve as a
reference point for localization of channel gates. This approach is based on the
premise that access of a test reagent to the reactive amino acid is determined by
the activation of the gate to be tested. Furthermore, the test substance must be
able to access the reference site in the open channel when applied either extracel-
lularly or intracellularly. Intracellular application of reagent is possible with
excised inside-out membrane patches and extracellular application can be done
with outside-out membrane patches or intact cells. If, after activation of the
channel’s gate, the test substance is not accessible to the reactive site when
applied from either side, the gate must collapse all of the channel or the part
containing the reactive site. If the test substance cannot access the site extracellu-
larly but can react when applied intracellularly the gate is located extracellular to
the reactive site. An intracellular location of the gate to the reference point would
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allow the test substance to react when applied extracellularly but not intracellu-
larly. Recently, a voltage gate of Cx46 hemichannels has been mapped with this
approach extracellularly to position 35 (29).

1.1.6. Domain Swapping

Domains of a membrane protein may be defined by topology: extracellular,
transmembranous, or intracellular. Alternatively, domains may be defined by
invariant or conserved regions in aligned sequences, or they may be indicated
by other (mutational) procedures such as cysteine scanning, for example.
Exchange of putative functional domains between related proteins can serve as
a vigorous test for a functional assignment to a domain. The rationale of this
approach is to transfer a specific functional property from the donor to the
recipient protein. For example, cysteine scanning has identified equivalent
amino acids in the first transmembrane segment of two connexins as likely
contributors to the pore lining of gap junction channels (5). The two connexins,
Cx46 and Cx32E143, form channels that can easily be discriminated from each
other by their characteristic channel kinetics and by their single-channel con-
ductance. Replacement of the first transmembrane domain in Cx32E143 by the
corresponding Cx46 sequence resulted in a channel with properties exhibited
by Cx46 channels (30). Thus, the recipient channel acquired the channel prop-
erties from the donor, strongly suggesting that the first transmembrane seg-
ment in connexins indeed provides the critical portion of the pore lining.

Earlier applications of domain swapping to connexins were done to test volt-
age gating (31), docking specificity of connexins (32), and the docking gate (33).

2. Materials

2.1. Media for Bacteria

1. LB Medium: 10 g of Bacto-tryptone (from DIFCO), 5 g of yeast extract (from
DIFCO), and 10 g of NaCl; add H2O to 1 L and autoclave.

2. LB Plates: 10 g of Bacto-tryptone, 10 of g yeast extract, 15 of g Bacto-agar (from
DIFCO), autoclave. Add 50 mg/L of ampicillin (Sigma) when LB has cooled down.

3. SOC Medium: 20.0 g of Bacto-tryptone, 0.5 g of NaCl, 5.0 g of yeast extract, 10 mL of
250 mM KCl, add double-distilled H2O (ddH2O) to 1 L, and autoclave. When cool add:
10 mL of sterile 1 M MgCl2 (autoclaved) and 20 mL of filtered-sterilized 1 M glucose.

2.2. Reagents

Chemicals and reagents are available from the following sources:

1. Expand™ high-fidelity polymerase chain reaction (PCR) system from Boehringer
Mannheim (Indianapolis, IN).

2. Ambion mMESSAGE mMACHINE™  from Ambion (Austin, TX).
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3. PCR primers from Life Technologies (Gaithersburg, MD).
4. Maleimidobutyryl biocytin (MBB) from Calbiochem (San Diego, CA).
5. Collagenase type 1 from Worthington (Lakewood, NJ)
6. Restriction enzymes from New England Biolabs (Beverly, MA).
7. [2-(Trimethylammonium)ethyl]methanethiosulfonate bromide (MTSET) from

Toronto Research Chemicals  (North York, Ontario, Canada).
8. All other chemicals can be purchased from Sigma (St. Louis, MO).

2.3. General-Purpose Solutions and Buffers

1. TE buffer (1×): 10 mM Tris-HCl, pH 8.0, 1 mM Na2-EDTA, pH 8.0.
2. P1: RNase A (100 µg/mL) in 50 mM Tris-HCl, 10 mM EDTA (free acid), pH 8.0.
3. P2: 200 mM NaOH, 1% SDS.
4. P3: 3.0 M KAc, pH 5.5.
5. QBT: 750 mM NaCl, 50 mM 15% Tris-HCl, ethanol, pH 7.0.
6. QF: 1.25 M NaCl, 50 mM Tris-HCl, 15% ethanol, pH 8.5.

2.4. Solutions Used for Electrophysiology Experiments

1. Oocyte Ringers (OR2)

[Stock], g/L Amount to use
Reagent mM MW  mM (stock) per liter (per 4 L)

NaCl 82.5 58.44 4.82 g (19.27 g)
KCl   2.5 74.55 250   18.7 10 mL (40 mL)
CaCl2   1.0 147.0 100   11.1 10 mL (40 mL)
MgCl2   1.0 203.31 100   20.3 10 mL (40 mL)
Na2HPO4   1.0 120.0 100   26.8 10 mL (40 mL)
HEPES   5.0 238.3 500 119.2 10 mL (40 mL)

Add NaOH until the solution is clear, then adjust pH to 7.5.

Polyvinylpyrollidone 0.5 g (2.0 g)

Antibiotics (penicillin, 100 U/mL; streptomycin, 10 mg/mL) 5 mL (20 mL)

2. Patch-clamp solution (KG)

Reagent mM MW Amount to use/L

Potassium gluconate 140 234.2 31.7880 g
KCl   10     74.55   0.7455 g
TES     5 229.2   1.1460 g

pH 7.5 (6.0 for testing pH gate)

2.5. Equipment

1. Glass capillary tubing with filament (cat. no. GC150F-15, Warner Instrument).
2. Micropipet puller P-97 (Sutter Instrument).
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3. Microforge MF-830 (Narashige).
4. Oscilloscope (Tektronics).
5. Chart recorder (Soltec).
6. Axopatch-1B amplifier (Axon Instruments).
7. VR-10B digital data recorder (Instrutech Corporation).
8. Power Macintosh computer (Apple).
9. ITC-18 Computer Interface (Instrutech)

10. Acquire and TAC (both from Bruxton).
11. Gene Amp 2400 (Perkin Elmer).
12. Microwave (Sears).
13. Centrifuge (Eppendorf).
14. Centrifuge (Sorvall).
15. Spectrophotometer Genesys 5 (Spectronics Instruments).

3. Methods
3.1. Generation of Mutant Connexins

The following protocol describes the specific steps involved in the produc-
tion of one specific cysteine mutant (Cx46L35C) for the cysteine-scanning
mutagenesis approach. The same basic procedures are applicable to any other
mutagenesis approach; in particular, PCR cassette techniques can be used to
generate mutants containing single amino acid changes as well as to make com-
plex chimeric connexins.

3.1.1. Cassette Mutagenesis

1. Wild-type Cx46, obtained from Dr. D. Paul (34), is in the expression vector
pSP64T. For mutagenesis in the first transmembrane segment, a cassette flanked
by the restriction sites NheI (in vector) and PmlI is chosen.

2. Use the vector containing wild-type Cx46 as a template to generate two partially overlap-
ping fragments (a and b) by PCR using the primers I and II, and III and IV (see Fig. 1).

3. Primers I and IV are located upstream and downstream of the NheI and PmlI
sites, respectively. Primers II and III are complementary and contain the base
changes for the cysteine replacement and, in addition, a silent base change for
introduction of a new restriction site (AvrII) to be used for diagnostic purposes.

3.1.2. Protocol for Generation of Cassette by PCR

1. Label two PCR tubes.
2. Add to the first PCR tube 2 ng of primer I and 2 ng of primer II.
3. Add to the second PCR tube 2 ng of primer III and 2 ng of primer IV.
4. Add to each PCR tube:

a. Template DNA (wild-type plasmid, 5 ng).
b. dNTPs (200 ng of each dNTP).
c. ddH20 (to yield total volume of 50 µL).
d. 10× PCR enzyme buffer with 15 mM MgCl2.
e. DNA polymerase mix (e.g., Expand™ high-fidelity PCR system).
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5. Mix well and start the reaction immediately (see Note 1).
6. Overlay with mineral oil (not necessary if using a thermocycler with a heated lid).
7. The thermocycler protocol includes one cycle at 94°C for 1 min, 15 cycles of

94°C for 30 s (melting temperature), 45–65°C for 30 s (annealing temperature),
68°C for 2 min (extension temperature). This is followed by one cycle at 68°C
for 7 min. Finally, hold at 4°C until tubes are retrieved from the thermocycler.

8. Both fragments are gel purified in low melting agarose and subsequently sepa-
rated from the agarose with QIAquick PCR Purification kit (Quiagen).

9. Analyze 5 µL of the PCR product by agarose–ethidium bromide (EtBr) gel elec-
trophoresis. Ensure the DNA has not been lost in the purification procedure and
is the proper size.

3.1.3. Fusion of PCR Fragments

1. Fragments a and b are then fused by PCR. The reaction mixture contains: 2 ng of
primers I and IV, 5 ng of purified fragments a and b, 200 ng of dNTPs, water,
PCR enzyme buffer, and DNA polymerase mix.

2. The mixture is then placed into a thermocycler using the same program as above
(see Subheading 3.1.2., step 7).

Fig. 1. Construction of mutation-containing cassette by PCR. Primers are indicated
by arrows and have the following sequence: (I) GGCCACGATGCGTCCGG
CGTAGAGG (II) CGCCCCTAGGACACAAATGCGGAAGATG (III) CATCT
TCCGCATTTGTGTCCTAGGGGCG (IV) CCTCCCGCTCTTTCTTCTTCTCCTCC.



260 Dahl and Pfahnl

3. Test-digest 5 µL of the fusion product for the new restriction site and analyze by
gel electrophoresis for proper sizes.

4. The fused fragments are then digested with NheI and PmlI for generation of the
insertion cassette.

5. The vector containing wild-type Cx46 is cut with the same restriction enzymes,
and both vector and insertion cassette are gel purified. If the restriction enzymes
used create cohesive ends the vector should be treated with alkaline phosphatase
to prevent ligation of the ends.

6. To ligate the cassette into the vector mix the two fragments at a 3:1 molar ratio
(insert/vector) and add ligase buffer, T4 DNA ligase, and water.

7. Incubate the ligation mixture at 15°C overnight. After ligation, use the reaction
mixture to transform bacteria, which are then plated on ampicillin plates (the
vector codes for ampicillin resistance).

3.1.4. PCR Screen for Mutant Clones

Usually 30 colonies should be analyzed.

1. Pick one colony at a time with a toothpick.
2. Rub the toothpick on the bottom of PCR tube. (Take the same toothpick and

place it into 3–5 mL of Luria broth [LB] broth with ampicillin and grow culture
overnight for preparation of a Maxiprep in case the PCR test should be positive
for the desired clone.)

3. Place the PCR tube with sample of bacterial colony into the microwave and set
on high for 30–45 s.

4. Add the PCR reaction mixture to each microwaved PCR tube. The PCR reaction
mixture is at a total volume of 25 µL/PCR tube and contains:
a. Primer I (1 ng of ~ 30 mer).
b. Primer IV (1 ng of ~ 30 mer).
c. 10× PCR enzyme buffer.
d. dNTPs (200 ng of each dNTP).
e. ddH20 (up to 25 µL).
f. Taq DNA polymerase.

5. Mix ingredients well and overlay with mineral oil (not necessary if using a
thermocycler with a heated lid). The PCR thermocycler protocol is performed as
described in Subheading 3.1.2., step 7.

6. Analyze 5 µL of the PCR product by agarose–EtBr gel electrophoresis.
7. Perform digest with screening restriction enzyme AvrII.
8. Analyze 5 µL of the digest product by agarose–EtBr gel electrophoresis. Load

both digested and undigested DNA. If PCR product is cut then the clone is poten-
tially positive. The next day take the corresponding miniprep and pore into 100 mL
of LB broth for large-scale DNA preparation.

9. Verify mutation by sequencing through the cassette (see Note 2).
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3.1.5. Large-Scale Preparation of Plasmid DNA (Maxiprep)
and Purification of DNA

1. Prepare overnight culture in 150–500 mL of LB medium with 100 µg/mL of ampicillin.
2. Harvest the bacterial cells by centrifugation at 4°C for 15 min at approx 3000g in

Beckman JA-10 rotors.
3. Remove all traces of supernatant by inverting the open centrifuge tube until all

medium has been drained. Freeze the pellet at –20°C for storage or proceed di-
rectly to the protocol.

4. Resuspend the bacterial pellet in 10 mL of buffer P1. Ensure that the RNase A
has been added to buffer P1. The bacteria should be resuspended completely,
leaving no cell clumps.

5. Add 10 mL of buffer P2, mix gently (invert 4–5×), and incubate at room tempera-
ture for 5 min.

6. Add 10 mL of chilled buffer P3, mix immediately but gently (by inverting the
tube 5–6×), and incubate on ice for 20 min.

7. Centrifuge at 4°C for 30 min at approx 18,000g. Remove supernatant promptly.
8. Centrifuge at 4°C for 15 min at 18,000g (optional). Remove supernatant

promptly. The supernatant should be clear.
9. Equilibrate a QIAGEN-tip 500 by applying 10 mL of buffer QBT, and allow the

column to empty by gravity flow.
10. Apply the supernatant from step 8 onto the QIAGEN-tip and allow it to enter the

resin by gravity flow.
11. Wash the QIAGEN-tip with 2 × 30 mL of buffer QC.
12. Elute DNA with 15 mL of buffer QF and collect the samples in a 30-mL tube.
13. Precipitate DNA with 10.5 mL of isopropanol, previously equilibrated to room

temperature. Invert 4–5×. Centrifuge immediately at 8000g at 4°C for 30 min,
and carefully remove the supernatant.

14. Wash DNA with 15 mL of cold 70% ethanol, air-dry for 5 min, and redissolve in
a suitable volume (200–500 L) of buffer (TE). Overdrying the pellet will make
the DNA very difficult to redissolve.

3.1.6. Transcription

1. The plasmid has to be linearized with restriction enzyme (EcoRI) to result in
plasmid cleavage distal to the coding region.

2. About 10 µg of linearized plasmid is then used as template for the large-scale syn-
thesis of in vitro transcribed capped RNA (Ambion mMESSAGE mMACHINE™
In Vitro Transcription Kit) for injection and expression in Xenopus oocytes (see
Chapter 13). The expression vector SP64T incorporates an SP6 promoter site for
use with bacteriophage SP6 RNA polymerase.

3. The RNA is recovered from the transcription reaction by lithium chloride pre-
cipitation.
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4. The RNA pellet is washed in 70% EtOH and is resuspended in nuclease-free
distilled water at 1 mg/mL.

5. Typically the yield of a large scale preparation following the manufacturer’s
instructions is 200–250 µg of RNA.

6. The RNA is aliquoted and stored at –70°C.

3.2. Oocyte Assay

Xenopus oocytes are the preferred exogenous expression system because of its
speed, simplicity, reliability, and efficiency. The oocyte expression system was
pioneered by Gurdon and co-workers (35) and has been adopted for functional
expression of a large number of proteins including gap junction proteins (36). For
expression of complete gap junction channels oocytes expressing the same
or different connexin(s) are paired (37) (see also Chapter 13 by Skerrett et al.). For
expression of gap junction hemichannels single oocytes can be used (33,34).

Oocytes are isolated from the ovary by collagenase treatment (type 1,
Worthington, 2 mg/mL). Stage V and VI oocytes are collected and injected
with ~20 nl of synthetic mRNA. If open hemichannel forming connexins are
expressed, the oocytes are incubated in OR-2 solution with the calcium con-
centration increased to 5 mM to keep the channels closed (33,38).

3.2.1. Two-Electrode Voltage Clamp of Oocytes

1. For measuring effects of test substances on the whole ensemble of gap junction
hemichannels in the membrane, an oocyte is impaled with two electrodes. One
electrode records the membrane potential and the other is for current injection.
The electrodes are connected to a voltage clamp circuit, which allows to clamp
the potential arbitrarily at various potentials and also provides a measure of the
clamp current (see Note 3). Application of small test pulses allows determination
of the membrane conductance at the various holding potentials.

2. The reversible effect of the thiol reagent MTSET on the cysteine mutant
Cx46L35C is shown in Fig. 2. On application of MTSET the test-pulse-induced
currents diminish in size, indicating that the membrane conductance is reduced
by the thiol reagent. This could be due to fewer channel openings or to a reduc-
tion in channel conductance. On washout of the thiol reagent the membrane cur-
rents reverse to their original value, consistent with the reversibility of the
disulfide bond formed between the thiosulfonate and the thiol group of cysteine.
As a control wild-type Cx46 channels are subjected to the same procedure.
Figure 2A shows that application of MTSET to wild-type channels remains with-
out effect, indicating that the effect seen with Cx46L35C is attributable to the
engineered cysteine in position 35 of Cx46 (see Note 4).

3.2.2. Patch-Clamp of Oocytes

1. For recording of effects of test substances on single connexin hemichannels the
patch-clamp technique (39) is applied. The Axopatch-1B amplifier (Axon Instru-
ments) is used for this purpose.
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2. For establishment of a tight seal between the patch pipet and the plasma mem-
brane the vitelline layer has to be removed from the oocyte. This can be done
with forceps (see Chapter 13).

3. Recordings are filtered at 5 kHz and digitized using an VR-10B digital data
recorder and stored on videotape.

4. The recordings are subsequently transferred to a Power Macintosh (Apple) com-
puter using an ITC-18 Computer Interface (Instrutech) and analyzed. The acqui-
sition and analysis softwares are Acquire and TAC (both from Bruxton).

5. All recordings are made at room temperature (21–23°C).
6. Patch-pipets are made from glass capillary tubing with filament (#GC150F-15,

Warner Instrument). Patch-pipets are pulled using a P-97 Micropipette Puller
(Sutter Instrument) and the tips are polished with a microforge (Narishige Scien-
tific Instruments) to a resistance of 10–20 M  in standard solution.

7. After a patch is excised and a potential hemichannel identified, the patch is moved
into a microperfusion chamber.

8. The microperfusion chamber has a diameter of 1.5 mm and can be made by blow-
ing out the sealed end of a glass pipet (see Fig. 3). The chamber is continuously
perfused with solution. The standard pipet and bath solution consists of 140 mM
potassium gluconate (see Note 5), 10 mM KCl, 5 mM TES, pH 7.5 (KG).

9. Voltage ramps can be applied by connecting to the external command of the
patch-clamp amplifier a custom-designed voltage ramp generator.

10. Once a patch is established and channel activity is observed, gap junctional
hemichannels (vs. other channels) are identified by the following criteria:
a. Conductance and gating characteristics. Cx46 channels have a conductance

of ~300 pS at negative holding potentials. The conductance is larger at nega-
tive than at positive holding potentials, the channels rectify.

Fig. 2. The thiol reagent MTSET (1 mM) applied at the time indicated reversibly
reduces the membrane currents induced by 5 mV hyperpolarizing voltage steps in
Cx46L35C (B) but not in wild-type Cx46 (A) channels.
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b. Sensitivity to pH and calcium. A pH of 6.4 closes Cx46 channels. A 5.0 mM
concentration of calcium added to the potassium gluconate solution closes
Cx46 channels.

c. Partial block of Cx46L35C channel with MBB (applicable only to few, pore-
lining, cysteine substituted amino acids) (see Note 6).

11. The effect of the thiol reagent MBB on an excised membrane patch containing a
Cx46L35C channel is shown in Fig. 4. The channel is held at –30 mV and chan-
nel activity is seen as a series of opening and closing events. After application of
MBB the channel currents are five times smaller, yet other channel properties
such as voltage dependence and sensitivity to acidification remain essentially
unaltered (29). This is interpreted in terms of modification of channel conduc-
tance by MBB, consistent with a pore lining location of the cysteine in position
35 (see Notes 7 and 8).

4. Notes
1. The DNA polymerase mix Expand™ high-fidelity PCR system contains two

polymerases, one of which is Pwo polymerase. If Pwo (which has a proofreading
function) is mixed with primers or template without dNTPs, then partial degrada-
tion of primer and template could occur because Pwo also has 3' to 5' exonu-
clease activity.

2. The two outside primers, I and IV (Fig. 1) are used for sequencing. They are
located outside the insertion cassette; thus the complete cassette is sequenced on

Fig. 3. Excision of inside-out membrane patch and perfusion in microchamber. The
pipet is approached to the oocyte surface until a jump in resistance is noticed. Suction
is applied to the pipet until resistance reaches a gigaohm range. The pipet is pulled
back and transferred to the microperfusion chamber. The chamber is produced by first
sealing the end of a glass pipet in the flame of a Bunsen burner. While the sealed end
is reheated in the flame, pressure is applied by blowing into the pipet from the open
end until a hole is created.
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both strands. However, in the specific example given here we used the SP6 primer
instead of primer I to obtain more sequence of the coding region (primer I is
located in the vector). Sequencing is done with an automated system at a central
facility.

3. We use a custom-made oocyte voltage-clamp apparatus (37). However, a num-
ber of commercial products are now available, for example, the “GeneClamp”
(Axon Instruments). See Chapter 13.

4. For cysteine scanning of connexins we prefer to use maleimides rather than the
methanethiosulfonates because they are available in a larger range of sizes that
are more appropriate for the large gap junction channels. Furthermore, malei-
mides are more stable than thiosulfonates, which have a half-life of only a few
minutes. A disadvantage of maleimides is the irreversibility of the maleimide-
thiol reaction. Caveat: small reducing agents, including methanethiosulfonates,
can enter cells through gap junction hemichannels and affect other channels from
the cytoplasm and thereby change membrane conductance.

5. The oocytes’ autochthonous channels are well characterized and include a stretch-
activated channel, the most prevalent one, and a chloride channel. By using glu-
conate instead of chloride the chloride channel remains “invisible.” The
stretch-activated channel is easily recognized by its response to mechanical stress
and its characteristic features.

6. The majority of these criteria yield statistical arguments; channels with proper-
ties not seen in control oocytes are observed upon mRNA injection. The most
compelling argument for channel identity, however, comes from specific changes
of channel properties as a consequence of mutation. Cx46L35C is a prime
example; this mutant exhibits channel properties indistinguishable from wild-
type Cx46 except that it has acquired sensitivity to thiol reagents. For identifica-
tion of channels formed by other connexins the same criteria can be used, only
that different values apply, for example, the single channel conductance of

Fig. 4. Single-channel activity in a membrane patch excised from an oocyte
expressing Cx46L35C before (A) and after (B) application of MBB.
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Cx32E143 channels is five times smaller than that of Cx46 channels and the chan-
nel kinetics are considerably faster (30). Mutations equivalent to Cx46L35C or
other mutations may be used for identification of other connexin channels.

7. There is a narrow window of opportunity to harvest patches containing single
connexin channels. As after injection of mRNA into oocytes the concentration of
the channels increases with time, the channels tend to cluster. As a consequence
“empty” and “leaky” patches are obtained when collected from oocytes containing
large amounts of connexin. Typically the best chance to find patches with single
channels is between 4 h and 16 h after injection of ~20 nL of mRNA (1 mg/mL).

8. Noise usually is not a problem when recording from connexin channels owing to
their large conductance. However, certain connexins and certain experimental
conditions may require reduction of electrical noise. This can be done with coat-
ing the pipet with an insulating agent such as Sylgard. Alternatively, quartz glass
may be used for fabrication of the pipets.
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Dual Patch Clamp

Harold V. M. Van Rijen, Ronald Wilders,
Martin B. Rook, and Habo J. Jongsma

1. Introduction
The main feature of gap junctions is the passage of ions and small molecules

between adjacent cells. In the heart, for example, junctional currents between
adjacent cells are elicited by the membrane potential difference when one of
the cells generates an action potential, while the other cell is still at resting
membrane potential, thereby allowing propagation of the action potential.
Experimentally, such gap junctional currents can be directly evoked and mea-
sured by independently controlling the membrane voltage of both cells of a
cell pair. This is accomplished by “dual voltage clamping” a cell-pair, a method
introduced by Spray et al. (1). Using separate electrodes for voltage control
and current injection, this technique allowed accurate determination of kinet-
ics and conductance of gap junctions (1–3). At present, the dual voltage-clamp
technique is usually performed with two patch pipets (4), each on one cell of a
cell pair, which control voltage and measure current simultaneously (5–8).

The aim of this chapter is to describe how gap junction characteristics are
determined using the dual patch-clamp technique (9,10). The experimental
environment is discussed. We also discuss how gap junctional conductances
on both the macroscopic and microscopic levels are measured and calculated.

2. Materials
2.1. Experimental Setup

1. Two identical patch-clamp amplifiers, with headstages suitable for both single-
channel and whole-cell measurements. These amplifiers can be purchased from,
for example, Axon Instruments (www.axon.com), World Precision Instruments



270 Van Rijen et al.

(www.wpiinc.com), HeKa Electronics (www.heka.com), Bio-Logic (www.bio-
logic.fr), or custom built.

2. Two three-axis micromanipulators, preferably hydraulic (e.g., Narishige [www.
narishige.co.jp] or Newport [www.newport.com]).

3. An inverted microscope equipped with phase-contrast or similar optics with a 40×

objective is used for visually positioning the electrodes on the cells with the manipu-
lators. Dedicated microscopes are available from several vendors, for example,
Nikon (www.nikon.com), Olympus (www.olympus.com), Leica (www.leica.com)
and Zeiss (www.zeiss.com).

4. A programmable voltage stimulator, either analog (e.g., Grass [astro-med.com/
grass]) or digital using voltage clamp software installed on a computer. Such
software is available from, for example, Axon Instruments (pClamp, www.axon.com)
or HeKa Electronics (Pulse/PulseFit, www.heka.com). Analog/digital (A/D)
boards are manufactured by, for example, National Instruments (www.natinst.com)
or Advanech (www.advantech.com). Note that each software package will work
only with selected A/D-boards.

5. A storage oscilloscope to monitor voltages and currents.
6. Data storage device. Data may be stored on a (digital) tape recorder (e.g., Bio-

Logic [www.bio-logic.fr]), but direct storage on a computer, equipped with an A/D
board and proper software (commercially available, such as pClamp by Axon
Instruments [www.axon.com], or custom written) has become the standard.
Today fast computers allow high sampling rates and massive digital storage and
allow combination of command voltage protocols, sampling, storage, and analy-
sis at low cost.

7. Borosilicate glass capillaries preferably with inner filament (World Precision
Instruments, www.wpiinc.com).

8. Pipet puller (e.g., Narishige [www.narishige.co.jp], Sutter [www.sutter.com]).
For details on the fabrication of electrodes see Note 1.

2.2. Solutions and Chemicals

1. Internal pipet solution (IPS). Usually, this solution contains high K+, low Na+,
Ca2+–EGTA, Mg2+, KOH–HEPES, and some form of ATP as an energy source
for the cell. Reagents may be obtained from, for example, Sigma (www.sigma-
aldrich.com). Table 1 summarizes some recipes for IPS found in the literature
(see Note 2).

2. Bathing solution. Usually protein-free salt solutions that mimic the normal cellu-
lar environment. A typical composition of a bathing solution is Tyrode’s solution
(11) (in mM): 140 NaCl, 5.4 KCl, 1 CaCl2, 1.8 MgCl2, 5 HEPES, 5 glucose, pH
7.4 (NaOH). As with IPS, many modifications to the composition of the bathing
solutions have been made (for some details see Note 3).

3. Heptanol or halothane, for reduction of junctional coupling. Heptanol and
halothane are both used in concentrations of 2–3 mM (for preparation of stock
solutions see Note 4).
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2.3. Cell Preparation

1. Pairs of regenerative or immortalized cells are formed by seeding cells in culture
dishes at low density. After one cell cycle, single cells become cell pairs.

2. For nonregenerative primary cells, such as adult cardiomyocytes, incomplete dis-
sociation of tissue during the isolation procedure will result in cell pairs.

3. Another technique to generate mammalian cell pairs was devised by Loewen-
stein et al. (12) and used by Rook et al. (8). Two freshly dissociated single
neonatal rat cardiomyocytes were sealed to a patch pipet. Subsequently, the
cells were gently pushed together, and after some time new gap junction chan-
nels were formed successively. This method was also successfully applied for
other cell types (13–16).

IPS with large counterion
(gluconate); the low [Cl–]
prevents osmotic swelling

IPS which strongly reduces
K-channel activity. May
induce osmotic problems
due to high [Cl–]

Allows control of cytoplasmic
pH in combination with
the appropriate bathing
solution: 100 HEPES,
1 CaCl2, 1 MgCl2, 52.5–
74.25 K-gluconate, 7.5–0.5
(NH4)2SO4

Normal IPS for
whole-cell
recording

CsCl IPS for
whole-cell
recording

pH-clamp IPS for
whole-cell

Table 1
Typical IPS for Whole-Cell Recording as Used in the Literature

Composition
Type of IPS (in mM) Features Reference

130 K-gluconate
10 KCl
10 MgCl2
0.6 CaCl2

10 EGTA
5 Na2ATP
10 HEPES
pH 7.2 (KOH)

135 CsCl
1–2 MgCl2

0.5 CaCl2

5.5–10 EGTA
5 Na2ATP
5 HEPES
pH 7.2 (CsOH)

100 K-gluconate
8 KOH
25 (NH4)2SO4

1 MgCl2

0.5 BAPTA
5 Na2ATP
5 PIPES
pH 7.0

(23)

(40,41)

(42)

recording
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3. Methods
3.1. The Dual Patch Clamp Principle

1. Select a cell pair under the microscope.
2. Fill both pipets with IPS and manipulate the electrodes into the bath and close to

the cells (see Note 5).
3. Compensate for fast capacitive currents and electrode offset, using the compen-

sation circuitries of the patch-clamp amplifiers (see Note 6).
4. Gently lower the electrodes onto the cells (see Note 7).
5. Apply gentle suction to the pipet via a side port in the pipet holder. The tip

strongly seals to the cell membrane, thereby forming an electrical resistance of
many gigaohms (gigaohm seal) between the electrode interior and the bathing
solution (17) (see Note 8).

6. By applying more suction the membrane under the pipet tip is ruptured and the
whole-cell configuration is achieved. When both pipets are in the whole-cell con-
figuration, an equivalent resistive circuit as depicted in Fig. 1A is present. Elec-
trical access to the cell interior is achieved via the combined resistance of the
pipet and the broken membrane patch. This resistance is commonly referred to as
the series resistance (Rs), because it is in series with both the membrane and
junctional resistance. Each cell has its membrane resistance (Rm), and both cells
are connected by the junctional resistance (Rj).

7. To determine junctional conductance, junctional currents are elicited by apply-
ing a potential difference across the gap junction. Usually, both cells are kept at a
common holding potential close to the resting membrane potential (Vrest) to mini-
mize holding, that is, membrane currents, followed by a stepwise change of the
holding potential of one of the cells, for example, cell A (see Fig. 1C). This
results in amplifier currents Ia and Ib (Fig. 1A), which are the sum of the membrane
current (Im1) and the junctional current (Ij) in the stepped cell A (Ia = Im1 + Ij),
and the membrane current minus the junctional current in the nonstepped cell B
(Ib = Im2 – Ij).

3.2. Determination of Macroscopic Characteristics
of Gap Junctional Currents

3.2.1. Determination of Macroscopic Gap Junctional Conductance

The most commonly used way of calculating the gap junctional conduc-
tance (gj) from dual voltage-clamp data is by ignoring the voltage drop across
the series resistances and the membrane currents. If cell A is the nonstepped
cell, gj is calculated from:

gj = Ia/(Va – Vb) (1)

Similarly, if cell B is the nonstepped cell,

gj = –Ib/(Va – Vb) (2)
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Fig. 1. (A) Equivalent resistive circuit of a cell pair under dual whole-cell voltage
clamp conditions. The junctional current (Ij) flows across the junctional resistance (Rj,
which is the sum of the two cytoplasmic access resistances Rcyt,A and Rcyt,B, and the
resistance of the gap junction channels, Rchannels) as a result of the difference between
the membrane potential of cell A (V1) and cell B (V2). The difference between the
membrane and pipet potentials (Va and Vb) of the cells is determined by the series
resistances and pipet currents of cell A and B (Rs1 and Ia, and Rs2 and Ib, respectively).
(B) Equivalent resistive circuit of a cell pair under dual voltage-clamp conditions with
infinitely large membrane resistances. (C) Diagram of the command potential proto-
col used for experiments on cell pairs in a dual voltage-clamp setup and the resulting
pipet currents. First the pipet potential of cell A was changed for 500 ms. Next, after
500 ms the pipet potential of cell B was changed for 500 ms. A step in the pipet poten-
tial of cell A, from Vaa to Vab, evokes pipet current steps in both cells: from 0 to Iab in
cell A, and from 0 to Ibb in cell B. Similarly, a step in cell B from Vbb to Vba evokes
pipet currents Iaa and Iba in cell A and B, respectively.
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When junctional resistance is low, as compared to the series resistances, the
voltage drop across the series resistances is no longer negligible (see Sub-
heading 3.4.1.). Hence, numerical correction for series resistance is accom-
plished by subtracting the voltage drop across these resistances. Equations 1
and 2 are then replaced with:

gj = Ia/[(Va – Ia · Rs1) – (Vb – Ib · Rs2)] (3)

and

gj = –Ib/[(Va – Ia · Rs1) – (Vb – Ib · Rs2)] (4)

respectively. Of course, estimates of Rs1 and Rs2 are required (cf. Fig. 7).
However, under conditions of low membrane resistance (discussed in detail

in Subheading 3.4.3.), it is necessary to use a correction method that takes
both membrane and series resistance into account. According to a recently pub-
lished method (18), gap junctional conductance is calculated by:

gj = Ia – [(Va + Ia · Rs1)/Rm1]/[(Va – Ia · Rs1) – (Vb – Ib · Rs2)] (5)

if cell A is the nonstepped cell. Similarly if cell B is the nonstepped cell:

gj = –Ib + [(Vb – Ib · Rs2)/Rm2]/[(Va – Ia · Rs1) – (Vb – Ib · Rs2)] (6)

Evidently, for this correction method, estimates of both series and mem-
brane resistances are required . This issue is discussed in Subheading 3.4.4.

3.2.2. Determination of Macroscopic Voltage Sensitivity

When small transjunctional voltage steps are applied to gap junctions, their
conductance is rather constant in time. However, upon larger voltage steps,
most gap junctions exhibit voltage sensitivity, and tend to decrease their con-
ductance, which is seen as a relaxation of the junctional current as shown in
Fig. 2A. At the start of the 100 mV command voltage step on a computer-
simulated cell pair, containing six connexin43 (Cx43) gap junction channels,
an instantaneous current Ij,0 is seen in the nonstepped cell, which strongly di-
minishes during the 2-s step, reaching a quasi-steady-state value (Ij, ) within
1–2 s. A common way to present and quantify voltage-dependent parameters
of gap junctions is by plotting all the Gj values, normalized for the junctional
conductance measured at a small voltage step (e.g., 10 mV), for voltage steps
from, for example, –100 to 100 mV as presented in Fig. 2B. The data are fitted
to a Boltzmann equation (2,3):

Gj = (Gmax – Gmin ) / [1 + exp A · (Vj – V0)] + Gmin (7)

This fitting procedure gives the value for Gmax and Gmin (the normalized
maximal and residual junctional conductance, respectively), A (= n · q/k · T,
where n is the equivalent number of electron charges q that move through the



Dual Patch Clamp 275

entire transjunctional field between open and closed states, k is Boltzmann’s
constant, and T is absolute temperature), and V0 (the value of half-maximal
inactivation).

3.3. Determination of Microscopic Characteristics
of Gap Junctional Currents

3.3.1. Determination of Single-Channel Conductance

In the literature, three ways of measuring single-channel conductances can
be found. The first is by performing experiments on very poorly coupled cells
that are connected by only a few gap junction channels (19–22). The second is

Fig. 2. (A) Current trace of the nonstepped cell of a computer-simulated cell
pair, containing six Cx43 gap junction channels, as a result of a 100-mV command
voltage step. Ij,0 and Ij, are the instantaneous and the quasi-steady-state junctional
current, respectively. (B) Diagram of instantaneous (open circles) and quasi-
steady-state (closed circles) values of normalized conductance (Gj) vs the applied
command voltages and a Boltzmann fit (Eq. 7, solid line).
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to use well-coupled cell pairs, exposed to uncoupling agents such as halothane
or heptanol (Fig. 3A) (23,24). A third way is by use of “induced cell pairs,” in
which dissociated cells are pushed together, thereby allowing de novo forma-
tion of gap junction channels (8,13–16).

All three methods result in current traces as shown in Fig. 3B. At a driving
force of 50 mV gating of junctional channels is seen as stepwise current
changes in traces of both the stepped and nonstepped cell (lower and upper
trace, respectively). The distribution of single gap junction channel events can
be visualized by converting the current transitions to conductance steps and
displaying those values in a frequency histogram (Fig. 3C). Mean amplitudes
of the conductance steps can be calculated by means of gaussian curve fitting.
A second method is by constructing an all-points histogram. With this method,
all digitized points of the current in the nonstepped cell are used, and the cur-
rent values of the points are binned, plotted, and fitted to a gaussian function as
shown in Fig. 3D (taken from the same experiment as panels B and C). The
first peak, at 0.21 pA, represents the baseline level, that is, when the channels
are all closed. The second peak is found at 6.23 pA, which is the current level
when one Cx40 channel is in the open state. The difference between the two
peaks divided by the transjunctional voltage (50 mV) gives the conductance of
the channel, 120.4 pS. For limitations of these measurements and analyses see
Note 9.

3.3.2. Determination of Single-Channel Kinetics

The conductance of a gap junction between a cell pair can be expressed as

gj = n · Po · j (8)

with n, Po, and j being the total number of channels in a gap junction, the open
probability of a single gap junction channel, and the conductance of a single gap
junction channel, respectively. The open–close kinetics of single gap junction
channels can be determined only in cell pairs that are coupled with few channels
by nature. Halothane and heptanol, widely used to measure single-channel con-
ductances, exert their uncoupling effect by reducing the open probability of the
channels (24). Evidently such a method interferes with determination of channel
kinetics.

The open probability of gap junction channels in cell pairs containing few
channels can be determined by a statistical approach, using a binomial distribu-
tion. One approach is by determination of the fraction of time spent by steady-
state Ij at different current levels (25,26). A second approach is to construct
all-points current amplitude histograms and fit these histograms to a probability
density function (27,28). See Note 10 for limitations of either approach.
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Fig. 3. (A) Dual voltage-clamp experiment on a SKHep/hCx40 cell pair in which
2 mM halothane is applied at t = 100 s. Junctional conductance rapidly decreases to
near-zero values. After removal of the halothane, coupling is restored. (B) Single-
channel current measured under halothane conditions at 50 mV driving force in
SKHep1/hCx40 cell pairs. The upper and lower traces represent the current in the
nonstepped and stepped cell, respectively. Two unitary current steps of Cx40 are
detected, reflecting single-channel conductances of approx 80 (closed circle) and 120 pS
(open circle). (C) Frequency histogram of 416 single channel conductance steps from
four experiments. Gaussian curve fitting (solid line) revealed three channel sizes: 30,
82, and 117 pS. The smallest size of 30 pS represents the endogenous Cx45 channel of
SKHep1 cells. (D) All-points histogram of the same SKHep1/hCx40 cell pair as shown
in B. Gaussian curve fitting (solid line) revealed two states, 0.21 pA (baseline level)
and 6.23 pA (one Cx40 channel open). The conductance of the channel was 120.4 pS
(50 mV driving force).

3.4. Corrections for Nonjunctional Resistances

3.4.1. Errors Introduced by Series Resistance

The introduction of two additional series resistances (Rs), caused by the resis-
tance of the patch pipet and residual resistance of the disrupted membrane under
the patch electrode, can induce considerable errors in measuring the junctional
conductance. Because the patch pipet is used for recording the membrane poten-
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tial and injecting current simultaneously, a voltage drop will occur across each
series resistance, by result of which the actual membrane potentials V1 and V2
will always differ from the clamp potentials Va and Vb, respectively.

To investigate the effect of series resistance on the determination of steady-
state gap junctional conductance, we used a computer model approach to quan-
tify the effect of series resistance on the measured fraction of true junctional
conductance:

Fj = gj,m/gj,t (9)

where gj,m is the junctional conductance calculated from Eq. 1 or 2, and gj,t is
the true junctional conductance.

If the membrane resistances of both cells are infinitely high, the equivalent
resistive circuit reduces to that of Fig. 1B. The measured current is then deter-
mined by:

Ia = Ij = –Ib = (Va – Vb)/(Rs1 + Rj + Rs2) (10)

Figure 4 shows Fj at different series resistances (Rs, where Rs = Rs1 + Rs2,
and Rs1 = Rs2) as a function of gj,t, with gj,t ranging between 0.1 and 100 nS. In
the ideal case of zero series resistance (Rs = 0), Gj,m does not deviate from gj,t,
and Fj = 1. At low intercellular conductance values of 0.1 nS, the series resis-
tance induced error is very close to 0, and up to a few percent at 1 nS (Fj =
0.996 and Fj = 0.962 at 40 M series resistance, respectively). With increasing
intercellular conductance, however, significant errors occur. Even at very
favorable experimental conditions, with total series resistance as low as 10 M ,
an intercellular conductance of 20 nS will be measured as 16.7 nS (17% error);
at a total series resistances of 20 M , only 14.2 nS will be measured (29%
error). Conversely, a measured conductance of 25 nS with 20 M total series
resistance results from a true intercellular conductance of 50 nS.

An example of a series resistance induced error is shown in Fig. 5. The
conductance between a SKHep cell pair transfected with human Cx40 is mea-
sured, and the effect of the membrane permeable protein kinase A activator
8-Br-cAMP on the conductance is determined. Without correction for Rs
(4 M on both sides) gj increases from 62 to 88 nS, an increase of 42%. How-
ever, after correction for Rs, the increase amounts to 66% (84–139 nS). The
presence of Rs resulted in an underestimation of the effect by 36%!

The determination of dynamic properties of gap junctions, such as voltage
dependence, is also affected by series resistance (29,30). As a result of series
resistance, the actual voltage drop across the gap junction is smaller than the
applied voltage difference. Virtually all patch-clamp amplifiers are equipped
with series resistance compensation circuitry. This electronic circuit increases
the command voltage to a value equal to I · Rs', where I is the amplifier current
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Fig. 4. Relationship between the measured fraction (Fj) of the true junctional conduc-
tance (gj,t), and gj,t, as calculated using Eq. 3 or 4, at total series resistance (Rs = Rs1 + Rs2)
of 0, 5, 10, 20, or 40 M , in case of negligible membrane currents (Rm1 = Rm2 = ).

Fig. 5. Modulation of coupling in a SKHep1/hCx40 cell pair by 1 mM 8-Br-cAMP
(arrow indicates time of application), with and without correction for series resistance
(Rs,a = Rs,b = 4 M ). Without any correction, junctional conductance increases from
62 to 88 nS (+42%); open symbols. After correction for series resistance, however,
junctional coupling increases from 84 to 139 nS (+66%; closed symbols).
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and Rs' is the resistance in the feedback circuit. However, this positive feed-
back circuit tends to oscillate at high correction values, that is, at Rs' values
close to Rs, and practically, correction for Rs during the experiment is limited
to 70% (Rs' cannot be higher than 70% of Rs). Therefore voltage dependence is
always underestimated in the presence of series resistance.

3.4.2. Errors Introduced by Cytoplasmic Access Resistance

A general observation when accessing gap junctional voltage dependence is
that gap junctions with high conductances (composed of many channels) exhibit
less voltage sensitivity than gap junctions with low conductance values (com-
posed of fewer channels). This effect was first attributed to pipet series resis-
tance (29), because large gap junctions conduct more current at the same
voltage difference, which results in a larger voltage drop across the series resis-
tances than in the case of small gap junctions. However, Wilders and Jongsma
(30) calculated that the effect of series resistance alone is not large enough to
explain the observed effect. Rook et al. (8,31) suggested that the tight packing
of the gap junction channels resulted in a cytoplasmic access resistance, thereby
causing a cytoplasmic potential drop that masks the voltage sensitivity. Wilders
and Jongsma (30) constructed a biophysical model in which the actual voltage
across each channel was calculated and in which the open and close kinetics of
the individual channels were incorporated. They showed that even in the case
of complete compensation for series resistance, the number of channels in the
gap junction may be largely underestimated, and that the overestimation of
normalized steady-state junctional conductance easily masks transjunctional
voltage dependence of the individual channels.

At any rate, cytoplasmic access resistance is, unlike pipet series resistance, not
artificial. Under normal physiological conditions, voltage differences between cells,
for example, in the conducting heart, will also be attenuated by the cytoplasmic
access resistance to the gap junction. This will result in less intercellular current
than expected from the number of gap junction channels, the open probability, and
their individual conductance, that is, Eq. 8 no longer holds.

3.4.3. Errors Introduced by Membrane Resistance

Intuitively, it is obvious that gap junctional conductance is determined very
reliably in cell pairs with infinitely low series resistance and infinitely high
membrane resistances. Unfortunately, these conditions are never met. The pres-
ence of finite values of series and membrane resistances therefore always
results in errors in measured junctional conductance. To investigate these
errors, we performed computer simulations. In these simulations, amplifier cur-
rents Ia and Ib were calculated with Va and Vb arbitrarily set to 100 and 0 mV,
respectively, while one of the resistances was incremented. From these cur-
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rents, junctional resistance was calculated according to Eq. 1 or 2. Further-
more, it was assumed that Rs1 = Rs2. Thus, a total series resistance of, for
example, 30 M , corresponds to a series resistance of 15 M for each of the
two pipets.

Figure 6 shows Fj as a function of Rm if Rm1 = Rm2 at Gj,t values of 100 nS,
10 nS, 1 nS, and 100 pS (A–D, respectively). When Rs equals 0, the pipet
potential is identical to the membrane potential (Va = V1 and Vb = V2). Thus the
junctional current (Ij) is elicited by the command voltage. Also, V2 = 0, resulting
in zero current flow across Rm2, so that Ib equals –Ij. As a consequence, no
errors occur (cf. Eq. 1): gj,m = gj,t and Fj = 1 (bold solid lines). When Rm is 1
G , Fj has values very similar to those presented in Fig. 4, where Rm1 = Rm2 =

. When Rm is lowered, a significant decrease in Fj is observed. With decreas-
ing values of gj,t, the errors induced by Rs become smaller, as can be seen from
the values for Fj at Rm = 1 G . Similarly the errors induced by Rm become

Fig. 6. Relationship between the measured fraction of true junctional conductance
(gj,t) and the membrane resistance of both cells, as determined by computer simula-
tions. The membrane resistance of the stepped cell (Rm1) was set equal to that of the
nonstepped cell (Rm2). Total series resistance (Rs) was set to 0–50 M as indicated.
No correction for Rs was applied. (A) gj,t = 100 nS. (B) gj,t = 10 nS. (C) gj,t = 1 nS. (D)
gj,t = 100 pS.
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smaller with decreasing gj,t. However, even at values for gj,t as low as 100 pS,
considerable errors are still observed.

3.4.4. Correction for Series and/or Membrane Resistance

To investigate in which respects Fj benefits from correction for Rs and Rm
under experimental conditions, we performed experiments on equivalent resis-
tive circuits in a dual voltage clamp setup, using resistors having resistance val-
ues in the range normally present in actual dual whole-cell voltage-clamp
experiments. The command voltage protocol of alternately stepping cell A and
cell B (see Fig. 1C) was applied to obtain estimates of Rm1 and Rm2 through (18):

Rm1 = [Rs2 · (Vba · Iab + Vab · Iba + Rs1 · {Iaa · Ibb – Iba · Iab}) – Vab · Vba] /
[Rs2 · (Iba · Iab – Iaa · Ibb) – Vba · (Iab + Ibb)] (11)

and

Rm2 = [Rs1 · (Rs2 · {Iab · Iba – Ibb · Iaa} – Iab · Vba) + Vab · (Vba – Iba · Rs2)] /
[Rs1 · (Ibb · Iaa – Iab · Iba) + Vab · (Iaa + Iba)] (12)

Next, Eqs. 1, 2, 5, and 6 were used to calculate gj. Series resistance was determined
by applying the protocol as presented in Fig. 7 on both cells simultaneously.

Figure 8 shows that the experimental results (solid, dashed, and dotted lines
with markers) are highly similar to the simulation results (solid, dashed, and
dotted lines without markers). From Fig. 8A–D, it is evident that, with decreas-
ing membrane resistance, correction for Rs alone is not sufficient, and that cor-
rection for both Rs and Rm is necessary: When Rm in both cells is as low as 100
or 20 M , correction for both Rs and Rm can bring values for Fj close to 1
(Fig. 8C and D, diamonds), while Fj amounts to ~0.9 and ~0.7, respectively,
with correction for Rs alone (Fig. 8C and D, squares).

The beneficial effect of correction for Rs and/or Rm is also apparent from
Fig. 8. If , for example, a pair of adult ventricular cells with membrane resis-
tances of 20 M is coupled by a junctional conductance of 100 nS, with Rs1
and Rs2 both being 10 M , a junctional conductance of 20 nS (80% error) will
be measured (Fig. 8D). After correction for Rs, gj,m will amount to 67 nS (33%
error). After correction for both Rs and Rm, gj,m is 97 nS (3% error). In this last
case, Rm1 and Rm2 have calculated values of 21.4 and 22.2 M , respectively,
which are very close to the actual values.

In Fig. 8E and F, very asymmetrical membrane resistances were used. If Rm
of the stepped cell is low (Rm1 = 20 M ), while Rm of the nonstepped cell is
high (Rm2 = 1 G ), Fj responds to gj,t in a way similar to the configuration in
which Rm of the nonstepped cell is low (Rm2 = 20 M ) and Rm of the stepped
cell is high (Rm1 = 1 G ), if no correction for Rs or Rm is applied (Fig. 8E and F).
If corrected for Rs only, however, Fj becomes 1 if Rm of the stepped cell was
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Fig. 7. (A) Equivalent circuit of a single cell under whole-cell patch-clamp condi-
tions: an access resistance to the cell (Rs) in series with an RC-circuit, representing the
membrane resistance (Rm) and the membrane capacitance (Cm). (B) Determination of
Rs under voltage-clamp conditions. A stepwise change in Va will result in a large in-
stantaneous current (Ia,inst), which rapidly decreases to a steady-state value (Ia,ss). At
the end of the voltage step a similar pattern of opposite sign is seen. The large instan-
taneous current at the beginning of the voltage step is solely determined by Rs, because
the membrane capacitance effectively short-circuits the membrane resistance: Rs = Va/
Ia,inst. (C) Determination of Rs under current clamp conditions. A stepwise change in Ia

will evoke a voltage deflection that consists of a fast rise of Va to Va,1, followed by a
slower rise to a steady-state value, Va,2. The opposite is seen at the end of the current
step. The fast rise to Va,1 at the beginning of the current step is again caused by an
effective short-circuiting of the membrane resistance by Cm. The voltage deflection
Va,1 thus represents the voltage drop across Rs due to Ia. Therefore, Rs is determined
by: Rs = Va,1/Ia.
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Fig. 8. (Opposite page) Relationship between the measured fraction (Fj) of true
junctional conductance (gj,t) and gj,t, as determined in dual voltage-clamp experiments
on electrical resistive circuits. In all experiments, series resistance was 9.6 M on
each side. First the membrane resistance of the stepped cell (Rm1) and that of the
nonstepped cell (Rm2) were set to 1 G , 500 M , 100 M , or 20 M , as indicated.
Next, gj,t was set to values near 0.1, 1, 5, 10, 50, or 100 nS. Junctional conductance
was calculated, using the currents elicited in the nonstepped cell, in three ways: (1)
Without any correction (solid lines with circles); (2) with offline correction for series
resistance (dashed lines with squares); and (3) with offline correction for both series
and membrane resistance (dotted lines with diamonds). The solid, dashed, and dotted
lines without markers represent the numerical data taken from computer simulations
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low (Fig. 8E, dashed lines). Conversely, if Rm of the nonstepped cell was low
(Fig. 8F, dashed lines), correction for Rs only makes Fj independent of gj,t, but
still results in an error of about 30%. In both configurations correction for both
Rs and Rm results in values for Fj close to 1 (Fig. 8E and F).

An alternative recording method, which also might reduce errors by
nonjunctional resistances, is discussed in Note 11.

3.5. Double Perforated Patch Recording of Gap Junctional Currents

3.5.1. The Perforated Patch Technique

Horn and Marty (32) introduced a method that allows for electrical ac-
cess to the cell interior, without perfusing the cytoplasm. For this method,
the antimycotic drug nystatin or amphotericin B is added to the IPS. Then
the pipet is sealed to the membrane, but the membrane patch is not dis-
rupted. The drug in the IPS forms small pores, which are permeant for
monovalent cations and anions, and impermeant for multivalent ions and
molecules >0.8 nm in diameter (33,34). Nystatin and amphotericin B have
comparable properties, but amphotericin B perforates better, and results in
lower series resistances.

3.5.1.1. NYSTATIN-PERFORATED PATCH

1. Add 70 µg/mL of nystatin (Sigma) and 70 µg/mL of pluronic F-127 (Molecular
Probes) from a stock solution (see Note 12) to IPS. Store this solution in a dark
place, as nystatin is light sensitive.

2. Fill the patch pipets with nystatin/pluronic–IPS.
3. Make gigaohm seals on both cells according to normal procedures (see Subhead-

ing 3.1., steps 3–5), but do not break the membrane under the patch electrodes.
4. Wait for the membrane patches to be perforated. Usually this takes from several

seconds up to 1 or 2 min (see Note 13).
5. Perform a dual voltage-clamp procedure analogous to the whole-cell method.

3.5.1.2. AMPHOTERICIN B-PERFORATED PATCH

1. Add 0.2 mg/mL of amphotericin B (Sigma) to IPS from a stock solution (see
Note 14). Store this solution in the dark for a maximum of 1 h.

2. Front-fill the patch pipets with normal IPS, by placing the tip of the pipet in
normal IPS (see Note 15).

under the same conditions, and represent the calculated junctional conductance (1)
without any correction, (2) with correction for series resistance, and (3) with correction
for both series and membrane resistance, respectively. (A) Rm1 = Rm2 = 1 G . (B)
Rm1 = Rm2 = 500 M . (C) Rm1 = Rm2 = 100 M . (D) Rm1 = Rm2 = 20 M . (E) Rm1

= 20 M , Rm2 = 1 G . (F) Rm1 = 1 G , Rm2 = 20 M .
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3. Back-fill the patch pipets with amphotericin B–IPS.
4. Make gigaohm seals on both cells according to normal procedures (see Subhead-

ing 3.1., steps 3–5), but do not break the membrane under the patch electrodes.
5. Wait for the membrane patches to be perforated. Usually this takes from several

seconds up to 1 or 2 min (see Note 13).
6. Perform a dual voltage-clamp recording analogous to the whole-cell method.

3.5.2. Whole-Cell vs Perforated Patch

As mentioned previously, the whole-cell patch-clamp recording mode brings
the cytoplasm in continuity with the IPS. This is advantageous if one wants to
change the composition of the cell interior (see Table 1). However, if one wants
to study the effect of for example, extracellular signals on the behavior of gap
junction channels via intracellular processes, the disruption of the cell machin-
ery might largely interfere with the experiment. The advantage of the perfo-
rated patch method is that it leaves the cell interior relatively intact. However,
its application is more laborious than conventional whole-cell recording, and
more importantly, the success rate, that is, actual, perforation of the membrane
patch to series resistance values low enough to perform efficacious voltage
clamp, is significantly lower.

3.6. Concluding Remarks

Dual patch-clamp recording is a quantitative technique to determine static
and dynamic electrical characteristics of gap junction channels. However, as
with most experimental techniques, dual patch-clamp recording has several
drawbacks, which vary from quantitative errors in measured conductance or
underestimation of voltage dependence to unwanted perfusion of the cyto-
plasm. With proper experimental design and use of correction methods, as dis-
cussed in this chapter, many of these limitations can be surmounted, allowing
the dual patch-clamp technique to be a powerful method for quantitative deter-
mination of junctional conductance.

4. Notes
1. Pipet pullers usually have a two-step pulling mechanism in which the first step

pulls the capillary over a short distance to thin the glass. The second step (with
lower heat) separates the capillary. Increasing or decreasing the heat of the first
step changes the shape of the electrode to either more sharp or blunt, while an
increase or decrease of the second pulling step results in electrodes with smaller
or wider tip diameters, respectively. The fabrication of patch pipets is based on
trial and error, and usually is a balance between obtaining good seals and having
low access resistances. Subsequently, the tip of the pipet is heat polished by bring-
ing it in the vicinity of a red-hot filament under a microscope (for detailed discus-
sion see ref. 35) . The typical electrode resistance when filled with pipet solution,
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as measured in the bathing solution, is between 2 and 15 M  (see Table 1 in
ref. 30 for an overview)

2. To avoid clogging problems, the internal pipet solution (IPS) is usually filtered using
a 0.22-µm syringe filter. Afterwards the IPS can be aliquotted and stored at –20°C.

3. Especially when cells with low input resistances, such as ventricular myocytes,
are used, noise from nonjunctional membrane channels may interfere with mea-
surement of small junctional currents. Addition of NiCl2, CsCl, or BaCl2 results
in the reduction of Ca- and K-channel activity, and improves the resolution of
small gap junctional events.

4. Heptanol can be directly added to the bathing solution. Halothane, however, is
first thoroughly mixed 1:1 with bathing solution (stock solution, which can be
stored at room temperature). The upper fraction of this mix (halothane-saturated
bathing solution) is subsequently added 1:4 with normal bathing solution just
before addition to the cells. This procedure results in a halothane concentration
of approx 2 mM.

5. In preparations of primary cells, the surface of the bathing solution may contain
some debris. To avoid contamination of the pipet tip with debris, slight overpres-
sure to the pipet interior can be applied when entering the solution. Be sure never
to apply suction to the pipet in the bathing solution before it is on the cell, as this
will hinder seal formation.

6. The electrode offset is mostly determined by the liquid junction potential. This
potential is caused by the unequal motility of large and small ions in the pipet
solution. If the IPS is mainly composed of K-gluconate, the small potassium ions
diffuse more easily from the pipet to the bathing or intracellular solution than the
negatively charged large gluconate molecules. The precise value of the liquid
junction potential can be calculated using JPCalc (36); also refer to www.axonet.
com/junction.htm. Please note that this potential is also determined by the com-
position of the bathing solution, so that the value of the liquid junction potential
in the bathing solution is different from that in the whole-cell configuration. The
recorded membrane potential is therefore not correct. This problem can be
avoided by using an IPS with ions of equal motility, such as KCl.

7. This process can be monitored very easily by applying small voltage steps (e.g.,
2 mV for 50 ms) to the electrode. When the electrode touches the cell, the electri-
cal resistance of the electrode will increase which is seen as a decrease of the
electrode current during the voltage step.

8. If the gigaohm seal does not form very easily, one might try to depolarize the
electrode potential somewhat, to values between –20 and –50 mV. Otherwise, try
to change the shape of the electrode tip, for example, by making it somewhat
larger in combination with more heat polishing.

9. Information about the conductance distribution of single gap junction channels is
usually collected by measuring current transitions, acquired at low junctional
conductance values, as induced by halothane or heptanol. After calculation of the
corresponding conductance steps, frequency histograms are constructed (see Fig. 3C).
This method has several limitations. First, different conductance states of gap
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junction channels might not be equally sensitive to the junctional uncouplers, so
that the distribution of j is distorted. Second, by measuring conductance transi-
tions only, all information about time is lost. Although this seems to be a minor
point, as information about channels spending time in the open or closed state is
not reliable because uncouplers that influence the open probability are used, it
might be of importance for the distribution of j in frequency histograms. If, for
example, phosphorylation of a gap junction channel increases the gating fre-
quency of a channel conductance, in a way that the channel just opens and closes
more often, but overall spends equal time in the open state, no change in macro-
scopic conductance will be measured between cells. In a frequency histogram,
however, an increased frequency of these events will be seen, suggesting that the
preferential open state is changed.

All points histograms (Fig. 3D) have the advantage that factor time is still
included, thus allowing more detailed description of single-channel kinetics.
However, they are rather sensitive to drift in baseline, which makes it harder to
find different channel conductances. Comparing Fig. 3C and D shows that the 30 pS
and 82 pS peaks in the frequency histogram (C) cannot be detected in the all-
points histogram (D).

10. Binomial statistical approaches on poorly coupled cell pairs do give information
on (changes) in open probability of junctional channels. The basic assumptions,
that is, identical channels that gate independently between one closed and one
open state, are, however, almost never met (27). Gap junction channels usually
have more than one conductance, sometimes with residual conductances
(13,16,20,22,37–39). These properties hamper proper modeling and thus fitting
of the all-points histograms, and interfere with reliable determination of gap junc-
tion channel kinetics.

11. In normal (continuous) voltage clamp with one patch pipet per cell, voltage moni-
toring and current injection are performed simultaneously. This results in a volt-
age drop across the pipet series resistance, and the actual membrane potential
differs from the command voltage. Some amplifiers are able to overcome the
interaction between the voltage recording and current injection, using a time-
sharing technique. Here voltage monitoring and current injection are separated in
time. A sample of the membrane potential is taken and compared with the desired
command voltage. Then the amplifier switches to current injection mode and injects
a current proportional to the difference between membrane and command poten-
tial. The rate of rise of the membrane potential in the current injection phase is
limited by the parasitic capacitance of the electrode. At the end of the current
injection phase, the amplifier switches to voltage recording. At the end of the
voltage recording period a new sample of the membrane potential is taken, and the
amplifier switches to the current injection phase. The cycling rate must be set to a
value of 10 or more cycles per membrane time constant, so that the membrane
capacitance “smoothens” the membrane voltage response to the current pulses.

Although this recording method seems a very good way to overcome series
resistance induced clamp errors, it has several pitfalls. The effect of series resis-
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tance is not ruled out. High series resistance values increase the electrode time
constant and will slow the electrode response and result in an error in the mem-
brane potential, because the current does not completely decay to baseline before
the next voltage measurement. Changes in parasitic capacitance of the recording
electrode during the experiment, due to changing bath solution levels, also influ-
ence the time constant of the electrode and thus the value of the measured mem-
brane potential.

The errors in measured gap junctional conductance using a dual discontinuous
voltage clamp setup are mainly determined by a combination of electrode time
constant (and effective compensation thereof), sampling rate, and the membrane
time constant. If all are properly set and compensated (and parameters do not
change during the experiment), no errors due to series resistance will occur.

12. Nystatine perforated patch stock solution: Add 50 mg of pluronic F-127 to 1 mL
of dimethyl sulfoxide (DMSO), at 37°C if pluronic dissolves poorly. Subse-
quently, add 50 mg of nystatin to this solution, and dissolve well by vortex-mix-
ing and sonication of the solution. Aliquots of this stock (to avoid repeated
freezing and thawing) can be stored at –20°C for several months. Add 1.4 µL of
stock solution to 1 mL of IPS, to obtain the final concentration of 70 µg of nysta-
tin and pluronic per milliliter of IPS.

13. To improve the perforation of the patch, observe the perforation process in volt-
age clamp, and slightly hyperpolarize the patch to approx –20 mV. Wait until the
series resistance reaches acceptable values (see Fig. 7B).

14. An amphotericin B stock solution is prepared by dissolving 3 mg of amphotericin
B in 50 µL of DMSO. This stock solution can be stored for several days at –20°C.

15. Patch pipets filled with amphotericin B–IPS seal very poorly to the membrane.
Therefore the pipet is frontfilled with normal IPS. However, the amount of
frontfilling (i.e., the time that the pipet tip is held in IPS) has to be determined
experimentally. With too much normal IPS in the tip, the patch will not perforate;
too little IPS will result in poor sealing of the electrode to the membrane and
perforation of the membrane during the sealing process, so that the seal resis-
tance cannot be determined. Start with 10 s of frontfilling.
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Determining Ionic Permeabilities
of Gap Junction Channels

Richard D. Veenstra

1. Introduction
The dual whole-cell patch-clamp technique has enabled investigators to

measure single gap junction channel currents from a variety of primary cell
cultures and communication-deficient connexin-transfected cell lines (1). Over
the past 10 years, dual whole-cell recordings of junctional currents have con-
tributed significantly to our understanding of the conductance and gating of
gap junctions formed by one or more connexins. Only recently have direct
approaches to the quantitative measurement of ionic or molecular permeabilities
of these same connexin gap junction channels been achieved (2,3). One diffi-
culty of obtaining reliable and reproducible measurements of junctional ionic
permeabilities results from the requirement of establishing an internal bionic
environment while maintaining the integrity of both coupled cells. Since a true
bionic potential cannot be established between two living cells in comparison
to an isolated channel in a membrane patch or artificial lipid bilayer, the actual
ionic reversal potential results predominately from the asymmetric ionic gradi-
ents for the two primary ions X and Y being investigated and the symmetrical
ionic gradients of all other permeant ions in the internal solution that serve to
keep the ionic potential near 0 mV. Another difficulty in measuring the ionic
reversal potential from which the relative permeability ratios are calculated is
that one does not have an absolute reference to the bath ground when recording
in the dual whole-cell configuration. This adds another degree of complexity
to the accurate measurement of junctional currents using the dual whole-cell
patch-clamp technique.

To begin to determine ionic permeability ratios requires the ability to accu-
rately assess the junctional currents and voltage in a cell pair under symmetrical
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ionic conditions as the oppositely directed X and Y ionic potentials provide an
additional junctional ionic current independent of the applied command poten-
tials of the two voltage clamp amplifiers to both cells. It is the accurate assess-
ment of the net ionic current flow resulting from ions X and Y in the presence of
any other permeant ions W, Z, etc. that one must achieve to successfully calcu-
late the relative ionic permeabilites of any two ions. This necessitates the deter-
mination of the ionic permeability ratios of all permeant ions present in the
internal solution relative to one ion chosen to be the common ion present in all
asymmetric ionic potential experiments. The best check to determine if the
experimental ionic permeability ratios calculated for each ionic pair satisfy the
condition of accounting for all other permeant ions is to solve for all of the rela-
tive ionic permeability ratios simultaneously. In this chapter, the methods we
have used to determine the monovalent cation permeability ratios of rat
connexin43 and connexin40 gap junction channels and the potential difficulties
of determining ionic reversal potentials in gap junction channels permeant to
both cations and anions simultaneously are described.

2. Materials
The three basic components needed to perform the ionic permeability mea-

surements of gap junction channels are a source of in vitro cell pairs, a dual
whole-cell recording system, and a series of internal pipet solutions necessary
to create the asymmetric ionic conditions for all permeant ions to be investi-
gated and any permeant counterion that must be present. The possible sources
of in vitro cell pairs are too numerous to mention in specific detail, but there
are three principal sources of in vitro cell cultures. One source is the primary
culturing of native tissues and is desirable if one wishes to investigate the physi-
ological permeability of native gap junctions. There are two other sources of
communication-competent cells, often with more defined levels of connexin
expression: communication-competent established cell lines or connexin-trans-
fected communication-deficient established cell lines. One important consid-
eration is that the in vitro cell pair must be amenable to whole-cell voltage
clamp by patch-clamp amplifiers, that is, have a high input resistance in the
whole-cell recording configuration (parallel combination of gigaohm [G ]
seal resistance and cellular membrane resistance) and a moderate to high
junctional resistance relative to the electrode series resistance to reduce
transjunctional voltage errors (1). The latter can be corrected for by calculat-
ing the accuracy of the voltage clamp of both cellular membrane voltages which
requires knowledge of the series resistance of each electrode and cellular input
resistances. Large errors in membrane voltage control, due to a high series resis-
tance relative to the cell input resistance caused by either a high series resistance
or low input resistance in one cell, are not readily compensated for in perme-
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ability measurements, as the partner cell will partially clamp the membrane
voltage of the poorly clamped cellular potential. This condition produces a DC
current across the junction at all membrane potentials other than the resting
potential for both cells (i.e., 0 mV for a “leaky cell”). Internal dialysis is vital
to establishing the proper asymmetric ionic gradients; therefore geometries that
are too large or complex in three dimensions should be avoided. Small spheri-
cal cells are best suited to these investigations on gap junction channels.
Because the highest possible resolution of any ionic reversal potential (Erev) is
obtained from single-channel currents, it is desirable to use cell pairs with a
high junctional resistance (Rj). This is not readily controlled in primary cell
cultures or stable transfection systems to date because the use of inducible
promotors for connexin expression remains unpublished. Average junctional
resistances of 150–500 M were obtained using the eukaryotic expression vec-
tor pSFFV-neo for stable transfection of rat neuro2A (N2A) neuroblastoma
cells employed routinely in this laboratory (2–4). Single gap junction channel
recordings were obtained in 10–20% of connexin-transfected N2A cell pairs
without pharmacological intervention using this approach. Pharmacological
uncouplers should be avoided initially because the effect on the connexin channels
is undetermined and may affect permeability (by altering conductance states in
addition to gating properties, i.e., open probability). A list of necessary equipment
and ionic salts to perform the necessary experiments is provided in the following
subheading. The choice as to the exact type or model of amplifier, micromanipula-
tor, patch clamp glass, etc. is generally determined by the preference of the electro-
physiologist performing the experiments. The only major requirement is that they
adequately perform their specified task effectively (see Note 1).

2.1. Equipment for Dual Whole-Cell Patch-Clamp
of Transjunctional Voltage

1. Two patch clamp amplifiers capable of either single-channel or whole-cell volt-
age clamp.

2. Two three-dimensional micromanipulators with fine and coarse movements. For
spherical cells, a 45° angle of approach with the patch electrodes is optimal. Low
drift, especially in the vertical plane, and vibration isolation during translocation
of the patch electrode are important features to ensure stable recordings over tens
of minutes and enhance the success of junctional current recordings. Either DC
motor-driven stages or dampened hydraulic (preferably water) are acceptable.

3. One inverted phase-contrast microscope for viewing the preparation and both patch
electrodes. Ultralong working distance 40X objective lenses are best for the final
establishment of gigaohm (G ) seals onto each cell membrane. Establishment of
the whole-cell configuration can be achieved by either transient capacitance over-
compensation (“buzz” circuit feature optional on some patch-clamp amplifiers) or
mechanical disruption by negative pressure (suction) applied to the patch electrode.
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Perforated patch recording techniques may not be suitable for ionic permeability
ratio experiments since the permeability of a test ion through the nystatin or
amphotericin B channels may be limiting, particularly when larger diameter ions
are to be used (see Note 2).

4. One voltage stimulator for running the voltage-clamp protocols to be used. Two
synchronized voltage command channels are preferred, as this enables the inves-
tigator to control the holding potential of both cells independently without hav-
ing to switch on and off the external command input to one of the cells to achieve
a transjunctional voltage clamp.

5. A digital recording device capable of sampling at least a 5-kHz analog bandwidth
signal. A minimum of two channels are required and four recording channels is
optimal so that current and voltage can be stored for both cells. Whether one
chooses a computer-driven or standalone off-line A/D recorder is up to the dis-
cretion of the investigator (see Note 3).

6. One digital storage oscilloscope for monitoring the real-time current recordings.
Display of both whole-cell currents is required for dual whole-cell recording of
junctional currents, so at least two channels are required.

7. One vibration isolation table on which the microscope and micromanipulators
for patch electrode positioning is required. This is standard equipment for any
patch-clamp system, as is shielding of external electrical noise by proper ground-
ing and containment of the headstage amplifiers and recording chamber with bath
reference and patch recording electrodes within a Faraday cage.

2.2. Solutions for Ionic Permeability Measurements

2.2.1. External Solutions

A serum and protein-free external bath solution is required for any patch
clamp recording from live cells in vitro. A physiological saline is typically
prepared for use as this will maintain the viability of all cells in the recording
chamber for a few hours. It is preferable to keep plasma membrane resistance
high to maximize the junctional current signal-to-noise ratio in the dual whole-
cell recording configuration, so high K+ solutions in general should be avoided.
The precise composition of the saline will depend on what membrane currents
are present in the cells being used for the experiments. For mammalian cells
140 mM NaCl, 1.3 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 0.9 NaH2PO4,
5.5 mM dextrose, 10 mM 4-2(hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), and pH 7.4 (titrated with 1 N NaOH) is a typical saline composition.
The osmolarity of the standard saline is 290 milliosmoles (mOsm) when low
[K+ ] is used in place of physiological plasma [K+] of 4.3 mM. This reduces
background K+ currents in the whole-cell membrane. Trace amounts of ionic
blockers of background membrane currents such as 10 mM CsCl and/or
tetraethylammoniumCl (TEACl) for K+ currents and 100 µm ZnCl2 for Cl–

currents can be added if necessary.
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2.2.2. Internal Pipet Solutions

1. A standard internal pipet solution (IPS) consists of a 120 mM K+ monovalent
salt, 200 nM free Ca2+, 1 mM free Mg2+, 3 mM ATP, and pH 7.2–7.4. Physi-
ological Cl– and Na+ are 12–14 mM inside mammalian cells, but it is optimal to
use as few monovalent cations and anions in the standard IPS as is necessary
when performing ionic reversal potential experiments. For elimination of Cl– and
Na+ from your IPS, see Note 4. If the experimental objective is to compare
monovalent cation permeabilities, a single primary anion should be chosen. As
6–12 mM Cl– is present from the 1 mM free MgCl2 and the 3–5 mM CaCl2-EGTA
or BAPTA buffer, Cl– is the best choice for the standard monovalent anion.
Another reason for using Cl– salts is that an Ag/AgCl2 wire junction is typically
used to make electrical contact with the IPS in the patch electrode and high Cl–

will improve the stability and minimize the electrode voltage offset. Because the
external saline is predominately Cl– ( 150 mM), the electrode voltage offset
with the bath is also minimized by using a Cl– IPS. This ensures that only a single
permeant monovalent anion is present, and therefore only one cation/anion per-
meability ratio needs to be determined.

2. To determine the Eisenman selectivity sequence for the earth alkali metals, 98%
pure RbCl, CsCl, KCl, NaCl, and LiCl are needed. The ammonium series of
organic cations beginning with ammoniumCl (NH4Cl), tetramethylammoniumCl
(TMACl), and tetraethylammoniumCl (TEACl) are tolerated at intracellular con-
centrations of 120–140 mM and are suitable candidates for an IPS, but tetrabutyl-
ammoniumCl (TBACl) is too hydrophobic at these concentrations to maintain
plasma membrane integrity for more than a few minutes. High-quality crystalline
salts of these chemicals are readily available from any commercial supplier (e.g.,
Sigma Chemical, Fisher Scientific, Fluka). TetrapropylammoniumCl (TPACl) is
also readily available but I do not know if it can be used as an IPS, as TPA was
not previously tested experimentally. All of the tetraalkylammonium ions are
irritants and become increasing hygroscopic with increasing molecular weight,
so gloves and goggles should be used when handling these compounds and they
must be stored in a desiccator at room temperature.

3. To achieve submicromolar [Ca2+] in the IPS requires the use of a calcium chela-
tor such as EGTA or BAPTA. The advantages for using BAPTA are that BAPTA
binds Ca2+ faster, is more selective for Ca2+ over Mg2+, and is less sensitive to pH
changes. The major disadvantage of using BAPTA instead of EGTA is that it
costs at least 10 times more than EGTA. The ionic strength and the monovalent
and divalent ions in the IPS plus any other chelators must be considered when
using either of these Ca2+ buffers. Hence, it is advisable to obtain a computer
program to calculate the amount of EGTA or BAPTA to use and how much CaCl2

should be added to achieve the desired free [Ca2+] in the IPS (5). In general, for a
290–300 mOsm solution at room temperature and pH 7.4, adding 3 mM CaCl2

and 5 mM BAPTA with 1 mM free Mg2+ will yield 200–300 nM free [Ca2+]. Both
EGTA and BAPTA can be purchased as a free acid or as a Na4 or K4 salt, respec-
tively (see Note 5).
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4. To achieve 1 mM free Mg2+, 1 mM MgCl2 should be added to the IPS.
5. Because ATP chelates Mg2+, it is advantageous to use the MgATP salt instead of

the Na2ATP salt for any internal IPS. This should be added fresh to each IPS on
the day of the experiment. MgATP is either added fresh as a powder (stored at
–20°C in a desiccator) or prepared as a 200X stock solution dissolved in the
appropriate IPS and stored frozen at –20°C until use.

6. HEPES is commonly used as a pH buffer and 25 mM HEPES is used in the IPS to
ensure that this remains the predominant pH buffer once the IPS internally dia-
lyzes the cell. A 10 mM concentration of HEPES is more commonly used in IPSs
for whole-cell recording. Again, the pH should be titrated with 1 N base or acid
corresponding to the primary monovalent ionic salt (e.g., 1 N KOH or HCl for a
KCl-containing IPS).

7. Final preparation of each stock IPS begins with 3 mM CaCl2, 5 mM BAPTA (free
acid or Na4 or K4 salts, see Note 5), 1 mM MgCl2, and 10 or 25 mM HEPES plus
the desired concentration of the monovalent ionic salt. For each IPS, 140 mM
monovalent salt is the standard. Use only ultrapure deionized water (18 M -cm)
for dissolving the salts to achieve the final volume of 100 mL (or multiples
thereof). Carefully titrate the pH to 7.4 with the appropriate base ( 2 mL of 1 N
XOH per 100 mL of IPS for alkali earth metals). The osmolarity of this IPS will
approximate 290 milliosmoles and should be adjusted to match the osmolarity of
the external saline. If ionic blockers are to be used, they should be added in equal
amounts to the saline and the IPS to maintain osmotic balance. The effect of the
final addition of 3 mM MgATP to the IPS on the day of the experiment is
neglected although it will raise the osmolarity and lower the pH slightly ( 1%).

8. To create the asymmetric ionic gradients for two monovalent cations, a known
amount of each ion X and Y should be added to the opposite side to establish a
known Nernst potential for each ion. It is important that this low ionic concentra-
tion remain constant during the experiment; otherwise the Nernst potential will
change owing to electrodiffusion. At room temperature a 10:1 concentration gra-
dient for a monovalent ion will produce an equilibrium potential of ±58 mV at
20°C. The larger the opposing ionic gradients, the more accurate the measure-
ment of the relative permeability ratio will be, so smaller ionic gradients will
reduce the sensitivity and larger ionic gradients may be too large to measure if
the relative permeability of one ion is low relative to the other. For example, a
10:1 relative permeability ratio will result in a bionic reversal potential equal to
70% of the Nernst potential for the more permeant ion, or ±40 mV for a 10:1
ionic gradient. Since all other ions in the IPS are constant, only the two ions of
interest will be diluted by reciprocal 10:1 dilutions and the final concentrations
of X and Y can be obtained by multiplying the initial concentration by the vol-
ume fraction in the final experimental IPS. This procedure can be used for any
series of ions of equal valence, that is, all cations or all anions.

9. If a channel is simultaneously permeable to both cations and anions, then the
cation/anion permeability ratio must be determined for the ionic salt used as the
standard reference for the relative ionic permeability ratio sequence to be deter-
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mined for the solutions prepared in step 8. To perform this measurement, the
concentration of the primary ionic salt must be varied by a known factor such as
2, 4, or 10. Osmotic equilibrium must then be maintained by adding an inert
solute to one IPS. A 50% reduction in the primary 140 mM monovalent salt will
require 140 mM sugar to sustain the original osmolarity of the IPS. The Nernst
potential for a 2:1 monovalent salt gradient is ±17.5 mV and ±34.9 mV for a 4:1
salt gradient at 20°C. Raffinose (a trisaccharide, Gal-Glu-Fru) and stachyose (a
tetrasaccharide, Gal-Gal-Glu-Fru) were found to be impermeant in all gap junc-
tion experiments performed to date whereas mannose or sucrose may be permeant
in some connexin channels. At least a trisaccharide is recommended for low-salt
IPS preparations to ensure that a permeant sugar does not displace ions from the
channel pore and have possible undesirable effects on ionic conductance and
permeability in addition to creating an unstable asymmetric ionic gradient. All of
these sugars are commercially available (e.g., Sigma Chemical).

3. Methods
3.1. Ionic Reversal Potential Measurements
from Homotypic Gap Junctions

Conventional dual whole-cell recording methods are all that is required to
determine an ionic reversal potential under asymmetric ionic conditions. Proper
voltage clamp control of the junction requires that the series resistance (Rs) to
input resistance (Rin) ratio (Rs/Rin) be equal for the two cells in order for VmA = VmB
when VA = VB. This condition is essential; otherwise a voltage offset will exist
across the junction independent of the established ionic gradient. This voltage
offset will be additive to the ionic reversal potential of interest in the dual
whole-cell configuration and will result in errors in the reversal potential mea-
surement if not corrected for experimentally using the expression Vj = VA – VB
– [(IA · RsA) – (IB · RsB)]. Hence, it is critical to maintain a low series resistance
throughout the experiment to accurately measure the ionic reversal potential.
In general, an Rs of 5% of Rin or Rj is preferable and <1% is optimal (i.e., a
10 M whole-cell patch electrode requires an Rin and Rj 1 G ) (see Note 6).
The whole-cell capacitive transient should be monitored occasionally by simul-
taneously stepping VA and VB by 5–10 mV from a common negative holding
potential within the linear range of Rin (e.g., –40 or –80 mV). The time constant
( cap) of a single whole-cell capacitive transient equals Rs · Cin and the input
capacitance can be determined by integrating the area under the capacitive tran-
sient for a passive membrane (6). The Rin must also be assessed to determine
the ratio of Rs/Rin necessary in calculating junctional current as the difference
( I) in IB when VA = VB and when VA – VB = VA according to the expression
Ij = – IB · (1 + RsB/RinB) (see Note 7). It is advantageous to determine Rin over
the entire voltage range encountered during the experiment, so a voltage ramp
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from –100 mV to +60 mV should be applied simultaneously to both cells and
Rin can be determined from the slope conductance of the I–V relationship.
Another advantage this procedure provides is the ability to chose a common
holding potential ± V that corresponds to the linear part of the I–V relation-
ship for both cells. When these conditions are met, a dual whole-cell recording
of unitary junctional currents will result in a linear I–V plot where the slope
conductance equals the single-channel conductance ( j) of the gap junction
channel under the specified ionic conditions. An example is illustrated in Fig. 1.
There should be no voltage offset in this graph under symmetrical ionic condi-
tions if one is to be successful in accurately determining ionic reversal poten-
tials (Erev) under asymmetric ionic conditions in future experiments.

Once these conditions are established, the only other experimental variable
that needs to be introduced is the use of an asymmetric ionic gradient. The
disadvantage of the dual whole-cell recording configuration is that without the
ability to exchange the IPS inside of one patch electrode (test electrode) (see
Note 8), one cannot immediately determine the value of Ij = Erev/Rj when VA = VB
and all other dual whole-cell recording conditions are satisfied. Under true
bionic conditions, Erev = +(RT/F) · log10[({PX/PY} · XA + YA)/({PX/PY} · XB + YB)]
when X and Y are the concentration of both cations (and –RT/F when both X
and Y are anions) or Erev = +(RT/F) · log10[({PX/PY} · XA + YB)/({PX/PY} · XB
+ YA)] when X is a cation and Y an anion. Unfortunately, the concentration
of all other permeant monovalent cations and anions in both IPSs must also
appear in these expressions according to their valence. The value of Erev is
determined experimentally from the single-channel Ij–Vj plot. An example is
illustrated in Fig. 2. If j or Pion of either ion varies by more than one order of
magnitude from the other, this plot will be noticeably curvilinear and the data

Fig. 1. (Opposite page) Whole cell currents from an N2A cell pair transfected with
rat connexin43 (rCx43). Gap junction channel currents recorded using an internal
pipet solution (IPS) containing 135 mM monovalent cations and 136 mM monovalent
anions. For this example K+ = 116 mM, Cs+ = 5 mM; Na+ = 12 mM; TEA+ = 2 mM; and
Cl– = 136 mM. (A) A V of –50 mV was applied to cell A from a common holding
potential of VA = VB = 0 mV for 2 min. A 20-s interval of the resulting IA and IB currents,
where Ij = – IB as indicated by the difference between the current levels 1 and 2 in this
recording. (B) All points amplitude histogram of all 120 s of the net junctional current, Ij

(= – IB), from the –50 mV transjunctional voltage (Vj) pulse in A. Single-channel cur-
rent, ij, was –5.0 pA. Open-channel noise variance was 0.35 pA and open probability
was 0.085 (= 10.2 s cumulative open time). (C) A V of +50 mV was applied to the
same cell pair as in A for 2 min. This 20-s interval illustrates two open channels with
amplitudes indicated by the difference currents between levels 1, 2, and 3. (D) All
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points amplitude histogram of all 120 s of net Ij from the +50 mV Vj pulse in C. Single
channel current amplitudes were +4.8 and +4.95 pA. Open-channel noise variance was
0.25 pA and open probabilities were 0.20 and 0.25 (cumulative open times of 24 and
30 s). (E) Single gap junctional channel current–voltage relationship for the rCx43 cell
pair shown in this figure. Every ij value obtained from the all-points histogram for
each 2-min Vj pulse is represented by an open circle. The line is a linear regression fit of
the experimental data (R = 0.99) with a slope conductance ( j) of 100 pS. (Reproduced
with permission from ref. 2.)
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Fig. 2. Single gap junctional channel current–voltage relationship from three dif-
ferent cell pairs. Cell A contained LiCl IPS with a 100:1 dilution of KCl IPS and cell
B contained the opposite KCl IPS with a 100:1 dilution of LiCl IPS (see Table 1).
Each datum point represents the ij value obtained from a 2-min Vj pulse as illustrated
in Fig. 1. The solid line is a linear regression fit of the experimental data (R = 0.9975)
with an x-intercept (Erev) of +5.4 mV. This corresponds to a relative K+/Li+ permeabil-
ity ratio of 1.35 (see Table 1). A second-order polynomial fit, assuming a curvilinear
I–V relationship, is also shown as a slightly downward concave curve (R = 0.9976) and
has an Erev of +4.0 mV. The corresponding relative K+/Li+ permeability ratio is 1.27
assuming a modified relative Cl–/Li+ permeability ratio of 0.30 (see Fig. 3). (Repro-
duced with permission from ref. 2.)

should be fit with a second-order polynomial rather than a straight line. The
correlation coefficient of both linear regression and second-order polynomial
can be used to determine if one fit is statistically better than the other. The
proper fit is important because the intercept point on the voltage axis is the
experimental determination of Erev. This procedure must be performed for ev-
ery test and permeant ion present in the standard IPS. In the example shown
in Fig. 2, there is no statistical difference in the correlation coefficients for
the linear and second-order polynomial fits of the single-channel current–
voltage plot, yet extrapolation of the two fits to the zero current value
reveals a 1.4 mV difference in the Erev value, which translates into a slight
change in the published PK/Li value from 1.35 to 1.27.

The relative cation/anion permeability ratio must be determined using the
low-salt IPS described in step 9 in Subheading 2.2. of this chapter. An example
of one unilateral low-salt experiment is illustrated in Fig. 3. Again the single-
channel Ij–Vj plot is generated using the same procedures as before, only now
there exists a unidirectional salt gradient for the primary cation and anion which
results in equivalent Nernst potentials of opposite sign owing to the opposite
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valence of ions X and Y. Again the data should be fitted with a straight-line or
second-order polynomial to provide the best determination of Erev from the
voltage axis intercept. Once these experimental Erev values are obtained for all
of the ions of interest, all that remains is to calculate the relative ionic perme-
ability ratios for each ionic combination. In the example shown in Fig. 3, there
is no statistical difference in the correlation coefficients for the linear and sec-
ond order polynomial fits of the single-channel current–voltage plot, yet
extrapolation of the two fits to the zero current value reveals a 4.0 mV differ-
ence in the Erev value which translates into a change in the published PCl/Li
value from 0.18 to 0.30. The difference between the polynomial and linear
regression fits is more obvious in this case, as one side contains only 25% of
the monovalent ions yet a curvilinear I–V relationship is not perceptible by
eye. The only way to address this issue is to obtain a continuous channel I–V by
running a voltage ramp during a stable channel opening to obtain channel cur-
rents at values too small to measure from discrete channel openings according
to the procedures illustrated in Fig. 1.

Fig. 3. Single gap junctional channel current–voltage relationship from seven dif-
ferent cell pairs. Cell A contained LiCl IPS and cell B contained 30 mM LiCl IPS with
169 mM raffinose added to maintain osmotic balance (see Table 1). The linear regres-
sion fit of the data had an Erev of –16.5 mV (R = 0.9939). This corresponds to a relative
Cl–/Li+ permeability ratio of 0.18 (see Table 1). A second-order polynomial fit , assum-
ing a curvilinear I–V relationship, is also shown as a slightly upward concave curve
(R = 0.9944) and has an Erev of –12.5 mV. The corresponding relative Cl–/Li+ perme-
ability ratio is 0.30 assuming a modified relative K+/Li+ permeability ratio of 1.27 (see
Fig. 2). (Reproduced with permission from ref. 2.)
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3.2. Calculation of Relative Ionic Permeability Ratios

To solve for the exact set of relative ionic permeabilities from the experi-
mental Erev values obtained for the Cl– salts of Rb+, Cs+, K+, Na+, Li+, TMA+,
and TEA+ a matrix such as that shown in Table 1 should be constructed. This
is a rather conventional set of cations to use to determine the cation selectivity
sequence for a gap junction channel, as the largest ion, TEA+, has a radius of
approx 8 Å (7). Ammonium, NH4

+, probably should be included in this series
as it has an aqueous mobility identical to that of K+ and is the precursor mol-
ecule for the other tetraalkylammonium cations. In the example provided in
Table 1, Na2ATP, 5 mM CsCl, and 2 mM TEACl were used in every IPS. LiCl
was used as the standard IPS because its known aqueous mobility was intermediate
in value. In accordance with the procedures outlined in Subheading 2.2., 5 mM
CsCl and 2 mM TEACl were also added to the external bath saline and the final
osmolarity was 310 milliosmoles for all solutions. MgATP is recommended and,
when used in place of Na2ATP, reduces the amount of added MgCl2 necessary to
yield 1 mM free Mg2+ from 4 to 1 mM, thus reducing the final IPS [Cl–] by 6 mM.
Divalent cations and anions were not considered in the calculations because the
free [ion] of any divalent cation (Ca2+, Mg2+) or anion (HPO4

2–, SO4
2–) was 1.0 mM

or less. Osmotic balance was achieved by the addition of 169 mM raffinose to the
30 mM LiCl IPS and was confirmed by the use of stachyose in one experiment. A
100:1 IPSA/IPSB dilution was used in this example.

Initial estimates of Pion are required for the initial calculations of Erev
a and it

is convenient to use the relative aqueous mobilities or diffusion coefficients
(Dion = (RT/F) · µion) of the standard and test ions as a starting point. These
relative values are: Rb+, 2.01; Cs+, 2.00; K+, 1.90; Na+, 1.29; NH4

+, 1.90;
TMA+, 1.16; TEA+, 0.84; and Cl–, 1.97 (8). It is evident from the close agreement
between the measured Erev and calculated Erev that a single value of Pion satisfies
all of the ionic conditions encountered by the rat Cx43 channel. This approach
yields a more rigorous determination of Pion for a gap junction channel than an
estimate obtained for one pair of ions. The use of the Goldman–Hodgkin–Katz
(GHK) voltage equation implies that electrodiffusion occurs independently of
any other permeant ion. This paradigm is often untrue and other methods must
be invoked to calculate an Erev (and Pion) value should the GHK equation fail to
reproduce the observed set of Erev values (see Note 9 and Table 2).

4. Notes
1. The preference for the choice of equipment is also influenced by the cost and

availability of the item. Hence, the choice of antivibration table, patch-clamp
amplifiers, patch electrode glass, vibration isolation table, inverted microscope,
etc. varies dependent on location and vendor reliability and price contracts, etc.
as well as on the electrophysiologist’s training and experience.
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Table 1
Matrix for Calculating Pion in the Cx43 Gap Junction Channel

Measured Calculated [ion]A [ion]B
Ion Erev (mV) Erev

a (mV) z (mM) (mM) Pion Numeratorb Denominatorc

Rb+ 9.5 ± 1.3 +9.2 +1 0 or 1.2 0 or 115 1.63 see below see below
Cs+ 8.6 ± 0.7 +7.9 +1 5 or 6.2 5 or 120 1.53 see below see below
K+ 5.5 ± 0.1 +5.4 +1 1 or 2.2 1 or 116 1.35 see below see below
Na+ 1.2 ± 0.1 +0.8 +1 12 or 13.2 12 or 127 1.05 see below see below
Li+ (0) (0) +1 115 1.2 or 30 (1) see below see below

NH4
+ — — +1 — — — — —

TMA+ –4.9 ± 0.9 –5.0 +1 0 or 1.2 0 or 115 0.74 see below see below
TEA+ –12.7 ± 0.7 –12.7 +1 2 or 3.2 2 or 117 0.43 see below see below

Cl– –16.3 ± 1.0 –16.5 –1 136 136 or 51 0.18 see below see below
aCalculated Erev = +25.26 ln (numerator/denominator) at 20°C.
bNumerator = PK[K+]A + PNa[Na+]A + PCs[Cs+]A + PTEA[TEA+]A + PLi[Li+]A + PX[X+]A + PCl[Cl–]B.
cDenominator = PK[K+]B + PNa[Na+]B + PCs[Cs+]B + PTEA[TEA+]B + PLi[Li+]B + PX[X+]B + PCl[Cl–]A.
Reproduced with permission from ref. 2.
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Table 2
Matrix for Calculating Anionic Pion in the Cx43 Gap Junction Channel

Ion Measured Calculated [ion]A [ion]B
Cx43 Erev (mV) Erev

a (mV) z (mM) (mM) Pion Numeratorb Denominatorc

K+ — — +1 116 116 1.35 see below see below
Cs+ — — +1 5 5 1.53 see below see below
Na+ — — +1 12 12 1.01 see below see below

TEA+ — — +1 2 2 0.43 see below see below
Br– –0.9 ± 1.2 –1.5 –1 0 or 1.2 0 or 115 (1.08) see below see below
Cl– (0) (0) –1 136 21 0.18 (1) see below see below

Acetate +3.8 ± 0.5 +3.6 –1 0 or 1.2 0 or 115 (0.85) see below see below
Glutamate +13.2 ± 0.5 +13.1 –1 0 or 1.2 0 or 115 (0.52) see below see below

aCalculated Erev = +25.26 ln (numerator/denominator) at 20°C.
bNumerator = (1/135) · (PK[K+]A + PNa[Na+]A + PCs[Cs+]A + PTEA[TEA+]A ) + PX[X–]B + PCl[Cl–]B.
cDenominator = (1/135) · (PK[K+]B + PNa[Na+]B + PCs[Cs+]B + PTEA[TEA+]B) + PX[X–]A + PCl[Cl–]A where 135 = [K+] + [Cs+] + [Na+] + [TEA+].
Reproduced with permission from Ref. 12.
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2. The perforated patch technique is most advantageous for experiments involving
physiological regulation, as intracellular second messengers and protein kinases
are not dialyzed out of the cell using this approach. Successful dialysis with
organic ions using this approach may be problematic as a typical 10 M whole-cell
patch pipet has a radius of 1.0 µm (assuming 150 mM KCl) and the pore diam-
eter of amphotericin B is 8 Å (9).

3. On-line real-time recordings are possible using a variety of hardware/software
packages available (e.g., pClamp 8.0 from Axon Instruments, Foster City, CA)
and offer the advantage of storing data in a binary format that is readily analyzed
by computer. The disadvantage is that should a file be lost or erased, you have no
backup and you must also select an appropriate low-pass filter frequency for digi-
tal sampling during data acquisition. Thus, there remains an advantage for main-
taining an off-line data storage device (digitized data recorder using storage disk
or VCR-based format) that can record 2 h or more of continuous data at a wider
analog bandwidth (e.g., 5 or 10 kHz depending on sample rate/channel).

4. Elimination of all Cl– is essentially impossible to achieve given the amount of
monovalent and divalent cations that must be present for cellular homeostasis.
Na+ can be eliminated from the standard IPS if 3 mM MgATP salt is used instead
of 3 mM Na2ATP salt without consequence and is therefore desirable. The com-
plete elimination of Cl– by using other available monovalent salts (e.g., nitrate,
acetate) or polyvalent salts (e.g., citrate, sulfate) have drawbacks. For polyvalent
salts, the osmolarity changes must be calculated accordingly. For all Cl–-free
solutions, the basis for the electrode junction potential must be considered. One
potential source of error in measuring an ionic Erev begins with the dual whole-
cell recording configuration. The initial conditions that VmA = VmB when VA = VB

must be true if an accurate measurement of the ionic Erev is to be obtained using
the procedure described in this chapter. Therefore, it is imperative that RsA/RinA

= RsB/RinB and that Rs << Rin to eliminate series resistance errors during dual cell
voltage clamp and monitoring of junctional currents from whole-cell current
recordings. What is not readily apparent from the equivalent resistive circuit of
the dual whole-cell patch clamp configuration is that there are virtual grounds
for both voltage clamp amplifiers and a bath ground that must be common for
VA = VB when a common command potential is applied to both amplifiers simul-
taneously. This is usually achieved by using a single Ag/AgCl junction and a
reference solution that is in contact with the bath solution that serves as the
common ground for the head stages of both amplifiers. This contact is usually
achieved by using a salt bridge between a ground well and the recording chamber
because the silver ions are toxic to the cells. The second part of this circuit is the
Ag/AgCl junction with the IPS in each recording electrode (patch pipet) and the
liquid junction potential of the patch electrode with the bath solution. Any volt-
age offsets due to different ionic compositions of the two IPSs and the bath saline
and the liquid–wire Cl– junctions must be compensated or recorded prior to whole
cell recording from either cell or else a voltage offset will exist that is indepen-
dent of the command potentials of the voltage clamp amplifiers (Velectrode – Vbath)
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– Vcommand, i.e., virtual ground. This will affect the measured biological perme-
ability differences of the two ions under asymmetric ionic conditions of the IPSs
which is the basis for measuring an Erev in the first place. Beginning with a 2–6
M patch electrode when filled with IPS KCl, the chlorided silver wires for each
electrode and headstage can be checked and maintained by determining the pipet
offset relative to the bath reference. This value should be minimal (0–2 mV)
when using IPS KCl provided that the silver wire is properly chlorided. If not, the
silver wire should be replated in 1 N HCl before continuing the experiment. The
bath reference is achieved by using a bath saline salt bridge (3% agar) between
the recording chamber and the grounding well. The grounding well can be filled
with IPS KCl, thereby making all wire–solution and electrode-bath junctions
identical except when it is necessary to create an experimental ionic gradient by
using a second IPS in electrode B. Alternatively, a 3M KCl reference electrode
can be used. The differences between the two approaches are provided in an
example to follow. By using Cl– salts, the two Ag/AgCl wire-liquid junctions
should be negligible provided that the IPSs were prepared and diluted properly
since the [Cl–] should be constant. If this condition is true, the difference in the
offset potentials of the 140 mM KCl and XCl electrodes should reflect the differ-
ence in aqueous diffusion potentials between ions X+ and K+ relative to the bath
ground. This value should be subtracted from the final experimental results.

For example, the liquid junction potential of a diffusion limited 140 mM KCl
pipet with a 140 mM NaCl bath saline will be 4.3 mV. If X+ = Na+, there will
be no liquid junction potential difference between the test pipet and the bath. If
140 mM KCl is used as the ground reference electrode, it will also have a 4.3 mV
liquid junction potential and the ground and KCl electrode and pipet liquid junc-
tion potentials will cancel out. In this case, the value of the amplifier junction
potential null reflects the Ag/AgCl wire to liquid KCl potential which should
be 0 mV. Since the liquid junction potentials of the NaCl pipet and the ground
reference electrode differ by 4.3 mV, the value of the amplifier junction potential
null will equal 4.3 mV plus the Ag/AgCl wire to liquid NaCl junction potential.
If a 3M KCl bridge is used as the ground reference electrode, the difference in
liquid junction potentials between the KCl pipet and the reference electrode will
be (4.3 – 1.9) = 2.4 mV. The liquid junction potential difference between the
NaCl electrode and the reference electrode will be 1.9 mV. The resulting liquid
junction potential difference between the NaCl and KCl electrodes is 0.5 mV
plus any Ag/AgCl to KCl or NaCl wire/liquid junction potential difference.
This presumably stable offset potential is in series with VA – VB at all times and will
produce small errors in the junctional voltage clamp (i.e., the applied Vj 0 mV
when VA = VB) unless compensated for by either nulling this potential difference
prior to G seal formation or substraction it from VA – VB = Vj in the resulting
junctional I–V curve.

The latter condition of maintaining the a constant [Cl–] when comparing test
cations reveals another potential source of error when anionic reversal potentials
are to be measured. Comparing test anions to Cl– necessitates replacing Cl– with
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another test anion (e.g., Br– or other halide ions, NO3
–, acetate, or other organic

anions) and this produces a wire–liquid junction potential equivalent to the Cl–

diffusion potential of the IPS relative to the standard Cl–-containing IPS. Further-
more, and this is especially true for the halide ions Br–, F–, and I–, the current
passing through the recording electrode will replate the silver wire at a rate deter-
mined by the magnitude of the current and the time duration of the current flow.
Hence, larger junction potentials will develop during the experiment especially
when using halide anions. The effect with Br– is small because its diffusion coef-
ficient is similar to that of Cl–, but F– and I– present a more difficult situation. F–

and I– ions are also not as well tolerated at high concentrations inside a cell and are
best avoided for dual whole-cell experiments. Nitrate and organic anions such as
acetate do not replate the silver wire significantly and stable measurements can be
obtained with these anions. We always used the same wire for a given set of Cl–

substitution experiments, thus producing a stable offset potential which we
recorded for each experiment. The relative diffusion coefficients for some other
anions are: Br–, 1.02; Cl–, 1.00; NO3

–, 0.94, and acetate, 0.54 (8).
5. The free acid is desirable for ionic permeability ratio experiments unless K+ or

Na+ is to be used as the primary monovalent cation in that specific IPS. The free
acids of BAPTA or EGTA will not dissolve until the pH is adjusted to 7.0 or
higher with the base (1 N XOH) specific to the monovalent cation to be used in
each specific IPS.

6. Even with two 10 M whole-cell patch electrodes, a series resistance relative to
the junction of 20 M  will be present. This automatically results in a 10% error
for a 5 nS junctional conductance cell pair even if the calculated error in the
respective membrane voltages is 2% (Rin = 1 G ). Therefore, low junctional
conductances (high junctional resistances) are preferred.

7. In the dual whole cell voltage clamp configuration, Ij = – I2 · [1 + (Re12/Rin2)] as
defined by Veenstra and Brink (1) where I2 = I2(VA + VA, VB) – I2(VA = VB).
Recently, Ij was defined as –I2 · [1 + (Re12/Rin2)] – (VB/Rin2) where the latter term
defines the nonjunctional membrane current of the postjunctional cell (10). Since
VB is constant when VA = VB and when VA is applied, this term will cancel out if
I2(VA = VB) is subtracted from I2(VA + VA, VB) provided that Rin2 remains con-
stant. Hence, – I2 · [1 + (Re12/Rin2)]  – I2 provides an accurate on-line estimate of
Ij provided that the holding current for cell 2 does not change during the VA step.

8. There are published methods for internally perfusing a patch pipet in the whole-
cell configuration (11). This technique requires internal dialysis of a patch elec-
trode near the tip using negative pressure as the driving force for fluid flow.
Technical difficulties associated with this approach include plugging of the inter-
nal dialysis tube by small air bubbles (micrometer diameter tubing near the elec-
trode tip), increased noise due to the fluid column extending to the IPS fluid reservoir
near the amplifier headstage, and possible disruption of the G seal if turbulence
develops during internal perfusion. Secondarily, switching IPS solutions near the tip
of the patch electrode will cause shifts in the offset potential for that electrode as
described in Note 4. The value of this diffusion potential must be determined or
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compensated for during the experiment to achieve an accurate measurement of
the ionic Erev. The advantage of attempting this technique is the added ability to
test several ions in one experiment and the ability to determine Erev from macro-
scopic recordings by switching from symmetric to asymmetric IPS solutions and
recording the voltage shift of the junctional I–V relationship. To accomplish the
latter requires being able to return to the control condition to determine any
changes in the junctional recording (junctional conductance changes should affect
only the slope, but input resistance changes will also shift the I–V relationship)
and being able to account for the fluid diffusion potential shift that develops
during internal electrode perfusion as already mentioned.

9. The last consideration does not involve potential sources of error in measuring an
ionic Erev, but rather to calculating the corresponding relative Pion using conven-
tional GHK theory. It is highly probable that one may find it impossible to deter-
mine a set of ionic reversal potentials using the standard GHK voltage equation
because it depends on the principles of ionic independence and bidirectional
fluxes. If either of these conditions is not true, the GHK voltage equation will not
be valid and one is faced with the task of deriving an equation based on the bio-
physical principles of electrodiffusion. One example of a previously derived per-
mutation of the GHK voltage equation was used to determine the anionic Pion
values (relative to Cl–) for the rat Cx43 channel (2). Table 2 contains the matrix
necessary to calculate the anionic Pion values for the rat Cx43 channel using the
same experimental procedures (2,12). The basis for dividing the cationic Pion

terms for the Cx43 channel in Table 2 is derived from the theory that anion
permeability is obligatorily dependent on the presence of a single bound cation at
a site within the channel pore. This expression is analogous to what was derived
previously to explain the cation permeability of the anionic amphotericin B chan-
nel (9). This formulation was necessitated by the observation that with a PCl/PK

ratio of 0.13 from Table 1, anionic reversal potentials could not exceed +2.7 mV
even if acetate or glutamate were not permeant (PX = 0) according to the conven-
tional GHK voltage equation.

This methodology has allowed the calculation of any cation or anion Pion value
from the dual whole-cell asymmetric ionic Erev encountered to date for connexin
gap junction channels. The procedures outlined in this chapter should permit
investigators to determine their own ionic permeabilities that would be directly
comparable to previous published values obtained from the rat Cx43 and Cx40
channels (2,3).
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1. Introduction
As was first demonstrated by the cell-to-cell spread of a fluorescent diffusion

tracer introduced into one cell by microinjection (1), the permeability of the
gap junctions is not restricted to the small intracellular electrolytes that carry
the junctional currents. Quantitative data on the permeability of gap junctions
for larger solutes, which include second messengers and other signaling
molecules, contribute to the understanding of their function. The microinjection
method (see Chapter 12) provides information on the presence of functional
gap junctions and on the size of the permeating molecules, but permeability
coefficients have usually not been obtained with this technique. Indeed, for
reasons related to the complex geometry of the diffusion system from one
progressively microinjected cell toward a variable number of adjacent and
remote cells, long and difficult calculations are involved even in the most simple
case of one-dimensional diffusion (2).

With the fluorescence recovery after photobleaching (FRAP) method, the
initial and boundary conditions of the diffusion system can usually be reduced,
with a precision sufficient for practical purposes, to those of a simple system of
two compartments separated by a permeable membrane. The first compartment
comprises the cell or the set of cells connected by gap junctions to the
photobleached cell, which constitutes the second compartment. Furthermore,
with appropriate caution (see Note 1), the risk of cell injury, which in
microinjection experiments requires constant attention and may be difficult to
recognize, is usually negligible with the FRAP method.
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1.1. The FRAP Method

The irreversible photochemical bleaching reaction of fluorescent molecules
exposed to a light beam of sufficient intensity and of wave length within the
absorption spectrum of the fluorochrome forms the basis of the fluorescence
recovery after photobleaching techniques. The FRAP method has been devised
for measuring the two-dimensional diffusion of fluorescently labeled macro-
molecules in membranes (3). After monitoring the basal fluorescent emission
excited by means of an attenuated laser beam focused on a small membrane
area, the light emission of the laser is briefly raised about 10,000 times,
then the subsequent fluorescence intensity, stimulated again by the attenu-
ated laser beam, is recorded. Fluorescence recovery occurs in the bleached
spot if the labeled molecules are mobile in the plane of the membrane. The
transport processes involved (random diffusion or directed flow) are identi-
fied, and the corresponding diffusion constants or flow velocities are deter-
mined by analysis of the spatial and temporal kinetics of fluorescence
recovery (4,5).

1.2. Measurement of the Cell-to-Cell Transfer
of Cytosolic Molecules by FRAP

The FRAP method has been adapted to measure the cell-to-cell exchange of
a fluorescent diffusion tracer and to obtain quantitative information on the per-
meability of gap junctions for small molecules (gap-FRAP [6]). Ideally, the
permeability coefficient (P) of the gap junctional membrane should be obtained.
As in other biological membranes, P, which measures the ease of passage of a
solute (s) driven by its kinetic energy, is equal to the diffusion constant (Ds) of
the substance inside the membrane, divided by the thickness (x) of the mem-
brane; in a gap junction, x is the length of the unit channel. The permeability
coefficient is the flux of substance that crosses the unit area of membrane in
unit time when the concentration gradient at the edges of the membrane is
equal to unity. To measure a net flux of diffusible substance across a mem-
brane separating two compartments, a concentration gradient must exist
between both sides, either in natural conditions or after establishment by the
experimenter. In the gap-FRAP technique, a fluorescent diffusion tracer is first
introduced at uniform concentration into all the cells in a tissue culture
dish, and the concentration gradient is created by photobleaching the fluo-
rescence in one cell. If the bleached cell communicates with neighbor cells
by means of functional gap junction channels, relaxation of this concentra-
tion gradient is detected by monitoring the fluorescence signal, using low-
intensity excitation.
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1.3. Determination of the Transfer Constant
of a Solute Across Gap Junctions

Diffusion of a small molecule such as fluorescein is much more rapid in the
cytosol than across the gap junction membrane and the concentrations inside small
source and sink cells can be considered spatially uniform at all times (the correct-
ness of this condition can be controlled by the FRAP method). With this simplifi-
cation, the concentration gradient of the substance across the length of the gap
junction channels is simply the difference of concentrations (C1 – C2) between the
unbleached and bleached cells, and the amount of solute (ds) crossing the junction
in time (dt) is given by the well-known solution of Fick’s general equation for a
system of two compartments separated by a membrane:

ds/dt = –PA (C1 – C2) (1)

where A is the area of the gap junction membrane. Because the flux of sub-
stance (ds/dt) is equal to the change in concentration with time in the bleached
cell multiplied by the cell volume (V), Eq. 1 becomes:

dC2/dt = –PA(C1 – C2)/V (2)

For a diffusion driven transport, the flux of substance across a concentration
boundary is proportional to the concentration gradient at each instant. Therefore

dC2/dt = e–kt (3)

where k = PA/V (in units of time–1) is the rate constant of the change in con-
centration. Determination of (k), which hereafter will be referred to as the transfer
constant or relative permeability constant, is sufficient when studying regulations
of the gap junction permeability in the same type of cell. For quantitative compari-
sons of the permeabilities of different cell types, the cell volume and the gap junc-
tion surface or the number of gap junction channels should also be evaluated.

2. Materials
2.1. Dye Loading Procedure for Gap-FRAP Experiments

To measure the gap junction permeability by the FRAP technique, a fluoro-
chrome must first be introduced into cells in a tissue culture dish. To do this
without the need of multiple microinjections, an ester form of the fluorescent
molecule chosen as a diffusion tracer, usually 5(6)-carboxyfluorescein (CF), is
added for a time to the bath solution. The nonpolar and hydrophobic esters are
membrane permeant and diffuse into the cells, where they are hydrolyzed by
cytoplasmic esterases, releasing their fluorescent unesterified polar moieties
(7). The latter compounds are hydrophilic and accumulate inside the cells
because of their very low membrane permeabilities.
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2.2. Preparation of Solutions

The composition of the solutions that have proved convenient for perform-
ing FRAP experiments in cultured mammalian Sertoli or heart cells is given
below. Unless otherwise stated, all concentrations are given in millimoles
per liter.

1. Replace the culture medium, which contains fluorescent organic compounds, by
a physiological saline adapted to the cell type under study. The modified
Tyrode solution employed in our laboratory for this purpose contains: 144 NaCl,
5 KCl, 2.5 CaCl2, 2.5 MgCl2, 0.3 NaH2PO4, and 5.6 N-(2-hydroxyethyl) pipera-
zine-N'-2-ethanesulfonic acid (HEPES). This solution is buffered to pH 7.2–7.4
with NaOH.

2. Prepare a stock solution of 5(6)-carboxyfluorescein diacetate (CFDA) in dry dim-
ethyl sulfoxide (DMSO), containing 5 mg of CFDA/mL of DMSO (which in
molar concentration gives 10 mM CFDA DMSO). Keep this solution for no more
than 1 wk in a refrigerator and protect it from light.

3. Dilute the CFDA stock solution to 1:1000 (v/v) with Tyrode to obtain a final
CFDA concentration of about 10 µM (e.g., by mixing 2 µL of stock solution per
2 mL of Tyrode). Sonicate for 30 s and use it immediately.

The final concentration of the solvent DMSO, 1/1000 the volume of the
physiological solution, has no effect on the intercellular coupling of mamma-
lian cells.

The mentioned ingredients are readily available from most small and from
all major suppliers of chemicals for biological research.

2.3. Technical Requirement for Gap-FRAP Experiments

The most efficient procedure to direct the stimulating or photobleaching light
beam onto the object is by means of the lenses that also collect the fluorescent
emission (epiillumination geometry, commonly known as epifluorescence). To
perform gap-FRAP experiments, an epifluorescence microscope must be
equipped with a sufficiently powerful light source. Devices permitting rapid
large-scale variations of the duration and intensity of the emitted light output
and switching from photobleaching to monitoring levels are compulsory.

For photobleaching, the intense light beam focused on the object plane by
the microscope objective must be precisely directed onto selected target cells,
a task that is conveniently performed by means of a computer-driven micro-
scope stage or galvanometric mirror. Data acquisition is controlled by observ-
ing the fluorescent emission on a video screen and quantitative analysis of the
stored images is usually performed off line.

Facilities for quantitative measurements of the rate of cell-to-cell transfer of
fluorescent diffusion tracers by gap-FRAP have been incorporated in the mul-
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tipurpose laser workstation for cytophotometry Anchored Cell Analysis and
Sorting (ACAS, Meridian Instruments, Okemos, MI). This system includes the
technical features of an equipment suitable to efficiently perform gap-FRAP
analysis.

2.4. Apparatus

2.4.1. Fluorescence Microscope

Select a commercially available inverted epifluorescence microscope. To
excite the fluorescent emission of the dye-loaded specimen, use a 40× objective
lens with numerical aperture 0.55 or higher. With these optics, a coherent light
beam is focused to a theoretical diffraction diameter of 1 µm or smaller and the
depth of field will not exceed 1.5 µm. Low-power objective lenses (10 or 20×)
are useful for observing the preparation and choosing an object field, but they
give fluorescence images of insufficient brightness for useful work.

2.4.2. Light Source for Stimulation and Photobleaching

The argon ion laser tuned at the 488 nm wavelength is the most convenient
light source available at present for stimulating the fluorescent emission and for
photobleaching fluorescein based dyes. Fast photobleaching of whole cells is an
essential requisite for gap-FRAP measurements and a sufficient light power must
therefore be available. At the present time, the laser power of most commercially
available confocal microscopes may be adequate for spot photobleaching of
membranes (8), but unless customized it is not sufficient for rapid photobleaching
of whole cells as required by the gap-FRAP technique. According to our prac-
tice, an argon ion laser with a total light output of 5 W and delivering 1500 mW
at  488 nm is satisfactory.

2.4.3. Filters and Detectors for the Emitted Light

The fluorescence of CF is stimulated at 488 nm by the attenuated laser light.
The emission spectrum, which at pH 7 presents a sharp peak at 516 nm, is
collected by the objective and directed to a photomultiplier tube, after separa-
tion from the incident laser beam by a 510 nm long pass chromatic beam split-
ter (a “dichroic mirror”) and a 530 ± 30 nm bandpass filter.

2.4.4. Devices for Rapid Switching from Monitoring
to Bleaching Light Levels

These operations could be performed manually by exchanging density fil-
ters, but with an important loss of the time resolution of data acquisition. A
substantial improvement could be reached by the use of an electromechanical
filter wheel driven by programmable pulse generators. In the ACAS Meridian,
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continuous-amplitude variation of the light beam and very rapid switching from
monitoring to bleaching levels is computer controlled by specialized software
acting on an acousticooptic modulator.

2.4.5. Image Acquisition

A scanning microscope stage moving the biological specimen in front of a
laser beam focused to a diffraction spot about 1 µm in diameter considerably
reduces the total irradiation of the cells and makes it possible to record data
from areas much larger than the field of view of the microscope objective lens.
The stage is driven by a computer-controlled high-speed step motor. The light
intensities measured at each step by the photomultiplier are stored in the com-
puter memory together with their (x, y) coordinates. The fluorescent image of
the cells is reconstructed on a video screen by the software, as a map of the
color-coded intensities of emitted light.

Directing the incident light onto the cells by means of a scanning mirror,
instead of moving the object stage, also reduces illumination, but viewing of
the specimen is then restricted to the objective field.

In principle, it should be possible to perform gap-FRAP experiments using whole
field illumination instead of a scanning device to stimulate the fluorescent emission,
but a very sensitive solid-state imager should then be employed to permit limiting the
intensity and duration of illumination during post-bleach data acquisition.

3. Methods
3.1. Determination of CFDA Concentration and Loading Time

The loading time varies with the type of cell, depending on the surface/
volume ratio and on the amount of intracellular esterases. To avoid excessive
loading, which may result in incomplete hydrolysis, compartmentalization in
organelles, and phototoxicity from byproducts of photobleaching (see Note 1),
the CFDA concentration and loading time should be adapted to the investi-
gated cells and kept to the minimum compatible with practical data acquisi-
tion. Starting with a CFDA solution containing 10 µM as described in
Subheading 2.2., the increase of fluorescence while the cells are taking up and
hydrolyzing CFDA should be recorded in preliminary trials to find the appro-
priate ester concentration and loading time (usual range 10–30 min at room
temperature with a solution containing 10 µM CFDA). As a practical indica-
tion, loading is sufficient when a fluorescent image of the cells with an inten-
sity scale graded from 1 to approx 5000 can be recorded with a sensitive light
detector (e.g., a photomultiplier tube) without excessive background noise.

Hydrolysis of CFDA by cytoplasmic esterases releases CF, a gap junction
permeant and highly fluorescent fluorochrome. An excessively slow dye load-
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ing may be caused by an insufficient activity of the esterases at room tempera-
ture. In this case, replacement of the cells into an incubator at 37°C for short
times (2–3 min) is usually adequate to accelerate hydrolysis of the ester.

3.2. Washing Off the Fluorochrome Ester

When the loading process is completed, the cell culture dishes are washed
several times with Tyrode solution to remove the fluorochrome-ester and pre-
vent further dye loading during subsequent measurements.

3.3. Reloading the Same Cells in Long-Term Experiments

The culture dishes loaded with CF generally lose there fluorescence within
2–3 h. The same cells can be reloaded with CFDA and it is possible to study
long-term effects on gap junctions for several days.

3.4. Image Analysis

3.4.1. Determination of the Rate Constant (k) of Fluorescence Recovery

An increase of fluorescence intensities in a bleached cell in contact with
other cells indicates the presence of open gap junction channels (see Note 2).
The fluorescence redistribution from the unbleached (source) cells to the
bleached (sink) cell as a function of time is displayed from the recorded data.
In thin layers (up to 100 µm) and at low dye concentrations (range 10–8 – 10–3 M),
the intensity (F) of fluorescent emission varies linearly with the dye concentra-
tion (9). Therefore, the integrated fluorescence intensity in a bleached cell is
proportional to the total amount of fluorophore, and its rise during recovery is
a measure of the changing concentration of the fluorescent molecules. When
the concentration of the diffusible substance in the source cell is constant, the
previously defined transfer constant or relative permeability constant (k) can
be directly obtained from Eq. 2, which becomes (10):

(Fi – Ft)/(Fi – F0) = e–kt (4)

Fi, F0, and Ft are the integrated fluorescence intensities in a bleached cell before,
immediately after and at time (t) after photobleaching. The rate constant (k),
the inverse value of the time constant, is determined from the slope of the
change in fluorescence intensity in the bleached cell vs time, represented in
semilogarithmic coordinates (see Note 3).

3.4.2. Normalizing (k) According to the Number of Connected Cells

Equation 4 strictly applies to the case of a constant concentration in the
source cells. If this concentration decreases substantially during diffusional
transport to the sink cell, the transfer constant (k) obtained by fitting Eq. 4 to
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the data obtained for the bleached cell will appear faster and should be normal-
ized according to the number of connected cells. Consider the three sets of
cells represented in Fig. 1. In Fig. 1A, the bleached cell is interconnected to
several neighbors in a confluent layer. In Fig. 1B and C the bleached cell is
paired to one unbleached neighbor, and in Fig. 1D the bleached cell, although
in a confluent culture, is connected to only two other cells (cell triplet). A
photobleached cell in a confluent layer (Fig. 1A) communicates directly with
several contacting (first-order) cells, which constitute a first compartment.
These cells are themselves connected to more remote cells (second- and third-
order cells), which build up a number of successive compartments separated by
diffusion barriers. In this multicompartment system, the recovery curve is a sum
of exponential functions with decreasing time constants. The change in (Fi) is
small, because the volume of the first-order compartment is large relative to that
of the bleached cell, and because (Fi) is also maintained by diffusion from more
remote compartments. In such cases, the initial part of the fluorescence recovery
curve has been found to present a monoexponential course of sufficient duration
(11) to allow obtaining the (k) value of interest, that of the bleached cell, without
the necessity of a multiexponential fitting of the data.

At equilibrium, the tracer concentrations in the sink (bleached) cell and in
the source (unbleached) cell are equal. In a pair of cells of nearly equal vol-
umes, the final concentration reached after diffusion equilibrium will be close
to half the concentration gradient created by photobleaching, as shown in
Fig. 1B, C. For the same number of junctional channels, the time constant of
fluorescence recovery in a bleached cell belonging to a pair will therefore
appear twice as fast as that measured if the same cell were part of an intercon-
nected system with constant concentration in the source cells.

Similarly, in a system of three cells of nearly equal volumes (Fig. 1D),
the final equilibrium concentration will amount to about two thirds of the

Fig. 1. (Opposite page) Cell-to-cell diffusion of CF and fluorescence levels reached
at equilibrium in different sets of cells. The three successive color-coded pictures of
fluorescent intensities in each row correspond to a prebleach scan, to a scan performed
immediately after photobleaching (at t0), and to a scan recorded when diffusion equi-
librium is approached. The fluorescence recovery curves of the selected cells are plot-
ted, in percent of the prebleach emission vs the time after photobleaching, in the graphs
on the right. In A, the bleached cell (1) belongs to an extended layer of interconnected
cells (a Cx26 transfected clone of HeLa cells [21]). The fluorescence emission of the
bleached cell increased close to prebleach values while the change of fluorescence
intensity integrated in surrounding cells (2) was very small. In B and C, the bleached
cells belong to a pair of ventricular myocytes from an adult rat (B) and from a newborn
rat (C), cultured for 2–3 d. The fluorescence intensities integrated in the source and
sink cells vary in a symmetrical manner and the fluorescence levels reached at equilib-



Fluorescence Recovery After Photobleaching 321

rium in both cells are halfway between the prebleach and postbleach (t0) values, as
expected. Curve 3 in B represents the added intensities of the source and sink cells. In
D, the bleached cell in a confluent culture (same HeLa-Cx26 transfectant as in A)
receives fluorescent molecules from two neighbors only (cell triplet). In those condi-
tions, the fluorescence intensity at equilibrium levels off in both cells to about two
thirds of the concentration gradient created by photobleaching, as expected for cells of
nearly equal volumes. The fluorescent emission of an unbleached control cell is shown
in rows C (cell 1) and D (cell 4). Those values can be used to correct the recovery
curves for a decrease of fluorescent emission during successive scans, as done in B
and C. The horizontal sides of the scanned fields in A, B, C, D measure 100, 75, 160,
and 100 µm, respectively.
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initial concentration gradient at t0 and the apparent time constant will be
shortened accordingly by a factor 3/2. It is therefore advisable to use simi-
lar sets of cells for measurements (e.g., cell pairs or cells in confluence), or
else to normalize the (k) values according to the tracer concentrations
reached at equilibrium.

Table 1 presents the transfer constants (k) obtained for CF in different cul-
tured cells. It can be seen that, even without normalization for cell volume and
gap junction surface, or number of junctional channels, these values allow to
compare directly the rapidity of the cell-to-cell exchange of molecules of size
and weight similar to that of CF.

3.5. Controls

3.5.1. Correction for a Spontaneous Loss of Fluorescence

A spontaneous decay of fluorescence, usually <10% of the initial intensity level,
occurs in isolated unbleached cells during a 10-min data acquisition, owing to a
slow outflux of CF to the extracellular medium and to some photobleaching. The
recovery curves of the bleached cells can be corrected for this fluorescence decay,
using the data recorded in unbleached cells (e.g., Fig. 1B–D).

3.5.2. Testing the Innocuousness of Photobleaching

The importance of avoiding cell injury by an excessive intensity or duration
of the photobleaching light pulses has already been stressed (see Note 1). It is
therefore a good idea to control the innocuous character of the photobleaching
beam by performing several successive gap-FRAP measurements on the same
cells, after diffusion equilibrium of the tracer has been reached. If the rate con-
stant (k) of fluorescence recovery does not change significantly during a num-
ber of consecutive bleaches of the same cells, as illustrated in Fig. 2, the light
intensity can safely be deemed adequate. With this precaution, several mea-
surements of (k) in control and in experimental conditions can be obtained on

Table 1
Relative Permeability Constants (k) of 5(6)-Carboxyfluorescein
in the Gap Junctions of Different Cell Types

Cultured cell types k (min–1) ± SD Reference

Human fibroblasts 0.133 ± 0.066 (6)
Rat Sertoli cells 0.088 ± 0.013 (11)
Human trophoblasts 0.108 ± 0.011 (12)
Human myometrial cell line (PHM1-41) 0.169 ± 0.006 (13)
Neonatal rat ventricular myocytes 0.24 ± 0.12 (14)
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the same cells, and the degree of reversibility of agents acting on the gap junc-
tional communication can be examined. Also, pairing of data obtained for the
same cells allows one to establish a statistical significance with a reduced num-
ber of measurements.

3.6. Conclusions

3.6.1. Comparison with Other Methods

3.6.1.1. FLUORESCENCE RECOVERY VS DYE-INJECTION

Obtaining information on the cell-to-cell transport by diffusion through gap
junction is much more rapid and simple by the gap-FRAP than by the microin-
jection method. Performing intracellular microinjections is time consuming,
the fluorochrome concentration necessary to detect dye diffusion into several
cells away from one microinjected cell is much higher than that used for record-
ing fluorescent recovery into one cell, and the amount of microinjected fluoro-
chrome is difficult to standardize. Even for well-trained skillful experimenters,
the risk of cell injury during the injection process is always present. In com-
parison, loading cells with the membrane permeant ester of a fluorochrome is a
straightforward repetitive process. With appropriate equipment, directing the
photobleaching light beam on target cells necessitates no special skill. With

Fig. 2. Comparison of the results of four consecutive determinations of the relative
permeability constants (k) of dye transfer between cultured ventricular myocytes of
neonatal rat. The relative permeability constant (k) was determined at 10-min intervals
in 23 pairs of cells. Bars indicate mean (k) values (min–1) ± SEM.
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proper attention to the fluorochrome concentration and to the intensity of the
bleaching light beam, the risk of cell injury is minimized. The quantitative analy-
sis of the gap junction permeability can usually be modeled by a simple two-
compartment diffusional system comprising the photobleached cell, separated
from one or several first-order unbleached cells by the gap junction membrane.
A further advantage of the gap-FRAP technique is the possibility to obtain
paired data in control and test conditions and to perform long-term observa-
tions on the same cells.

3.6.1.2. PERMEABILITY OR CONDUCTANCE MEASUREMENTS?

Permeability of the gap junctions is a measure of the cell-to-cell exchange
of molecules driven by their kinetic energy, and should not be confused with
the electrical conductance, which describes the ionic currents driven by a gra-
dient of electrical potential. The information acquired by these two kinds of
data is therefore not equivalent, in the sense that knowledge of the conductance
of a unit junctional channel for a particular ion cannot be used to predict the
permeability of a given molecule.

A number of recently published data indicate that, in many functional or
pharmacological studies, data acquisition by gap-FRAP is more rapid and con-
venient than by probing electrical coupling or measuring the junctional con-
ductance. For examples, the gap-FRAP technique has been used to quantify
the decrease in gap junctional communication during mitosis (15), or to probe
the effect of site-directed anti-connexin antibodies (16). An increase in the
frequency of cells coupled by gap junctions, which precedes cell fusion and is
enhanced by human chorionic gonadotrophin, has been observed during the in
vitro differentiation of human trophoblastic cells (12). Similarly, the percent-
age of coupled GT1-7 mouse neurons (17) or of human trophoblasts (18) was
shown to increase after stimulation of the cAMP pathway. Fluorescence recov-
ery recorded in a small area at the surface of the rat parietal cortex was slowed,
but not suppressed, during long-lasting ischemia (19).

3.6.2. Limitations of the Method

Using a scanning microscope stage extends the investigated area and reduces
the total irradiation of the specimen at the cost of a limited time resolution of
data acquisition. With the ACAS Meridian, the shortest possible interval between
successive scans of a small field is approx 8 s. This is not sufficient to obtain
accurate time constants when the cell-to-cell exchange suddenly becomes much
faster, as is for instance the case in trophoblastic cells connected by gap junc-
tions and in the same cells after fusion (12). Much faster acquisition rates, but
limited to the field of the microscope objective lens, can be obtained by means
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of solid-state imagers. But whatever the gain in speed of the apparatus, the
gap-FRAP method is not appropriate for measuring fast changes of the gap
junction properties during application of a chemical or physical agent, as can
be done by recording the electrical conductance (22), because of the time
necessary for determination of the rate constant (k).

4. Notes
1. To avoid photochemical and thermal cell injury, a highly sensitive light detector

should be used. This will allow to minimize dye loading and illumination, and
thereby reduce the amount of energy absorbed by the specimen. Excessive dye
loading may also cause cell damage or impairment of gap junctional communica-
tion by increasing the release of acids during intracellular hydrolysis of the ester,
and of free radicals during photobleaching.

2. An artifactual increase of the fluorescence level may also happen in an isolated
bleached cell. The experiment should then be rejected and appropriate measures
taken to prevent this circumstance. Possible causes are the presence of the ester
form of the dye in the bath (insufficient washing of the ester) or in the cytosol
(insufficient time after loading the ester or too low temperature), and excessive
loading (too high a cytosolic concentration can result in loading of organelles,
autoabsorption and concentration-dependent quenching of the fluorescent emis-
sion, which may increase after photobleaching).

3. In a modification of Eq. 4 (15,20), (Fi) is replaced by the fluorescence intensity
reached at diffusion equilibrium (Fe), which simply amounts to adding a constant
number to the experimental data. The time constants of fluorescence recovery
and the corresponding (k) values, obtained by fitting the same set of data to Eq. 4 or
to its modified form (Fe – Ft)/(Fe – F0) (15), are therefore identical.
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Capture of Transjunctional Metabolites

Gary S. Goldberg and Paul D. Lampe

1. Introduction
By providing for the direct, intercellular exchange of small (<1000 daltons)

molecules, gap junctions mediate intercellular communication and a variety
of physiological functions. The intercellular exchange of molecules through
these channels is crucial for processes ranging from fertilization and devel-
opment to cell homeostasis and differentiation (1–3). However, identifica-
tion of the specific transjunctional molecules that control such processes has
remained somewhat elusive.

Even though it is a commonly used method, measurement of dye transfer
may not necessarily represent the transfer of biologically meaningful com-
pounds. To address this problem, we have developed techniques to “capture,”
identify, and quantitate the transfer of endogenous transjunctional metabolites
(4,5). For this procedure, “donor” cells are metabolically labeled with a ra-
dioisotope, fluorescently marked, and plated with nonlabeled “receiver” cells.
After communicating for a specified period of time, the donors and receivers are
separated from each other by fluorescence-activated cell sorting (FACS). Radio-
active transjunctional molecules that traveled from the donors to the receivers
are then resolved from the lysed cells by filtration and chromatography.

An important consideration in selection of the tracer and the labeling time is
the rate of its metabolism. In this example, donors are labeled overnight with
[14C]glucose. Because glucose exchange is relatively rapid, the cells reach a
“steady state” of incorporated isotope by the time of the co-culture procedure
where junctional transfer occurs. Of course this does not eliminate the possi-
bility that a molecule that passes through a gap junction could be metabolized
by the receiving cell. To reduce this possibility, we suggest that cells be allowed
to transfer for a relatively short period and that the FACS and lysis steps occur
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as rapidly as possible. A preloading support protocol is given here that can
help ensure that the cells to be used communicate well under the co-culture
conditions employed (6).

A diagrammatic presentation of the labeling/capture procedure is presented
in Fig. 1. The method consists of six steps:

1. Metabolic and fluorescent labeling of donor cells.
2. Co-culture of donor cells with receiver cells to allow for transfer of radioactive

transjunctional metabolites.
3. Separation of the donors and receivers by FACS.
4. Filtration of cell lysates to isolate hydrophilic transjunctional molecules.
5. High-performance liquid chromatography (HPLC) resolution of metabolites.
6. Thin-layer chromatography (TLC) resolution of metabolites.

2. Materials
1. Common chemicals are from Sigma unless otherwise stated. All solutions are

stored at 4°C unless otherwise noted.
2. Sterile 10-cm tissue culture dishes, 50 mL and 6 mL (12 × 74 mm) tubes with

caps, cell strainers (Falcon cat. no. 2235), 12 × 75 sterile culture tubes, cell cul-
ture medium (e.g., Dulbecco’s modified Eagle medium [DMEM] [1 g/L glucose]
with 10% fetal bovine serum [FBS]), 0.25% trypsin/1 mM EDTA, phosphate-
buffered saline (PBS), and/or any other items needed for the culture of the target
cells. Gap junction competent cells: connexin43 (Cx43) transfected C6 glioma
cells are used here.

3. Calcein-AM stock solution (5 mM): Dissolve 5 mg/mL of calcein-acetoxymethyl
ester (AM) (C3100, Molecular Probes) in dimethyl sulfoxide (DMSO). Store at –20°C.

4. DiI stock solution: 10 mg/mL  of DiI (D282, Molecular Probes) in DMSO stored
at –20°C.

5. Preloading labeling solution: Add 1 µL of Calcein stock solution to 1 mL medium,
mix, then add 1 µL of DiI stock solution and mix again. Vary volumes accord-
ingly. Make 1.5–2 mL for each 6-cm plate of cells to be labeled. Use fresh.

6. Fluorescence microscope equipped with rhodamine and fluorescein optics.
7. Isotope: This example uses D-[U-14C]glucose from Amersham stored at –20°C.
8. Sterile, low protein binding nonpyrogenic 13-mm syringe filters with a 0.2 µm

pore size (e.g., Millex from Millipore) and 5- or 10-mL syringes with 25-gauge
needles.

9. A nontoxic, specific gap junction blocker (see Note 2): -carbenoxolone (ACO,
from Biorex Labs, Enfield UK) is used here—stock solution 100 mM in H2O.
PBS supplemented with a gap junction blocker is also needed. PBS with 100 µM
ACO is used here. This is made by adding 50 µL of ACO stock solution to 50 mL
of PBS.

10. FACS Solution D: PBS with 10 mM glucose, 30 mM n-(2-hydroxyethyl) pipera-
zine-N'-2-ethanesulfonic acid (HEPES), 0.1% bovine serum albumin, 0.75%
sodium citrate, 1 mM EDTA.
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Fig. 1. Outline of the capture protocol. Donor cells are labeled with a fluorescent
marker to allow separation (noted by stippling) and with radioisotope to metabolically
label transjunctional molecules (filled stars). The cells are co-cultured and allowed to
communicate with receiver cells. The two cell types are separated by FACS and their
contents analyzed by HPLC and TLC.
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11. A fluorescence-activated cell sorter, tubes, filters, and an operator. A modified
FACStar plus (Becton-Dickinson, San Jose, CA) was used here.

12. Lysis Solution: 10 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, 1% Nonidet
P-40 (NP-40), 1 mM phenylmethylsulfonyl fluoride (PMSF); PMSF is added imme-
diately prior to use from a 100 mM stock in ethanol kept at –20°C.

13. Dilution solution: 10 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0.
14. Filtration devices, such as Centricons (Amicon) with 50-kDa and 3-kDa nominal

molecular mass cutoffs (NMWCOs).
15. Whatman Linear-K preabsorbent TLC plates (4866–821) or plates best suited to

your application.
16. TLC ascension buffer: Freshly made 0.6% NH4OH, 70% isopropanol is used here.
17. TLC detection reagents. Fresh P-anisadine–phthalate reagent: 1.23 g of p-anisadine

and 1.66 g of phthalic acid in 100 mL of methanol. Fresh ninhydrin reagent: 0.2 g
of ninhydrin in 100 mL of ethanol. Migration standards such as nucleotides and
amino acids at 2 mg/mL in water.

18. High performance liquid chromatograph, appropriate HPLC columns, and sol-
vents. A Hewlett Packard 1050 LC with a diode array detector was used here
with Bio-Rad Microsorb C18 and Aminex HPX-87H ion exchange columns.

19. Equipment able to detect captured radioactive transjunctional metabolites within
required sensitivity ranges. Storage phosphor screens and a Molecular Dynamics
PhosphorImager equipped with ImageQuant software (Molecular Dynamics,
Sunnyvale, CA) was used here.

3. Methods

3.1. Preloading Support Protocol

This technique is used to verify conditions that allow the cells to communi-
cate, as well as to determine the efficacy of negative controls such as the use of
gap junction blockers, under the culture conditions to be employed. Doing these
preliminary experiments will allow you to determine the amount of time nec-
essary for your particular cells to form gap junctions and communicate during
co-culture of the donors and receivers. Basically this protocol utilizes calcein
instead of radioactive glucose metabolites to measure dye transfer.

1. For standard cells, split one 10-cm plate into one 6-cm plate and a number of 10 cm
plates determined by the number of conditions you wish to test and grow to
confluence (e.g., 3 d). The 6-cm plate will be used to label the donor cells with
calcein and DiI.

2. Prepare a 12 × 75 mm sterile culture tube with cap for each condition to be tested.
As a control, add an appropriate volume of GJC blocking agent (such as ACO) to
one or more of these tubes to achieve the desired final concentration at a final
volume of 3.05 mL. To label donors, completely remove medium from a
confluent 6-cm plate of cells by aspiration. Add 1.5–2.0 mL of labeling solution.
Incubate at 37°C, 100% humidity, and 5% CO2 for 15–30 min.
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3. While cells are incubating, remove medium from each confluent 10-cm plate of
cells to be used as receivers, wash once with PBS, add trypsin, then remove the
trypsin by aspiration after the appropriate time. After the cells round up and sepa-
rate, suspend them in 7 mL of medium/plate. This volume can be varied depend-
ing on the density of the cells and their plating efficiency. However, it is very
important that the cells be separated from each other and suspended well. Add
3 mL of this suspension to each tube from step 1.

4. Wash the labeled plate of donors twice with PBS and once with trypsin. Suspend
the cells in 5 mL of medium after they separate from the plate and each other.
Add 50 µL of this suspension to each of the tubes containing unlabeled cells from
step 3. You can also add some to a tube without unlabeled cells as a control

5. Mix the cells well by inverting the tubes and, if necessary, vortex-mix. Pour the con-
tents of each tube onto a 6-cm culture dish. The last drops can be transferred by tapping
the tube onto a dry area of the plate. Swirl the dish and incubate. After the cells settle on
the plate (about 1.5–3 h) examine them by fluorescence microscopy. The DiI and calcein
are visualized using filter sets suitable for rhodamine and fluorescein, respectively. The
resulting ratio of donors to receivers enables quantitation of GJC as the number of
receivers getting calcein, but not DiI, from an individual donor cell. This enables deter-
mination of the rate and extent of recovery from ACO washout.

3.2. Labeling of Donor Cells for FACS

Start with six 10-cm plates of healthy confluent cells (see Note 1). For stan-
dard cells, split one 10-cm plate into six 10-cm plates with 10 mL of DMEM
per plate and grow for 3 d. One of these plates will be used to label the donor
cells, while the other five will be used as receivers. Donors and receivers are
plated at a 1:6.25 ratio as described below. The experimental design is outlined
schematically in Fig. 2. This enables analysis of donors and receivers plated in
the absence, presence, and after washout of ACO, before and after sorting, as
well as analysis of medium from these cells (see Note 2). Donor cells must be
labeled both metabolically with the radionuclide of choice and fluorescently to
allow cell sorting. Unlike the support protocol described in Subheading 3.1.,
however, donors here are not labeled with calcein.

3.2.1. Radioactive Labeling of Donors

1. Gently remove the cell culture DMEM medium from the plate of donor cells and
replace with 5 mL of fresh medium with a 10-mL pipet. Discard the remaining
medium. In this way, cells are metabolically labeled in the same medium they
have been growing in, rather than fresh medium (see Note 3).

2. Tip the plate and add the radionuclide (50 µCi of glucose, i.e., 250 µL of
D-[U-14C]glucose from Amersham) while gently swirling. This results in a final
activity of 10 µCi/mL.

3. Incubate overnight. (Beware of volatile radionuclides that may be produced from
this labeling and take suitable precautions.)
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4. Remove the radioactive medium from the labeled donor cells with a 5- or 10-mL
syringe and 25-gauge needle. Pass this medium through a 13-mm, 0.2-µm low
protein binding nonpyrogenic syringe filter into a sterile 6-mL polystyrene tube
with cap. This filtration aids in cell labeling and dye removal (see Note 4).

3.2.2. Fluorescent Labeling of Donors

1. Add 25 µL of DiI stock solution to the filtered medium in this tube (50 µM final)
and mix well by inversion.

2. Aspirate any residual medium from the plate, add the DiI labeled radioactive
medium to the cells, and return to the incubator for 25 min.

3.3. Co-Culture

Co-culture allows the molecule of interest to pass from the donors to receiv-
ers via gap junctions. As a control, this procedure should also be performed in
parallel in the presence of gap junction channel blockers. Our conditions include

Fig. 2. Experimental design. After the radioactive labeling medium (LM) is removed,
donor cells (labeled with the tracer molecule of interest and DiI) are co-cultured with
nonlabeled receivers in the absence or presence of ACO. After communication, the cells
are separated by FACS and analyzed for transjunctional molecules. –, +, W are cells
co-cultured in the absence, presence, or after washout of gap junction blocker (ACO)
before sorting. D are presorted donors plated without any receivers. –D, –R, M– are
sorted donors, receivers, and medium from cells co-cultured without ACO. +D, +R,
M+ are sorted donors, receivers, and medium from cells co-cultured with ACO. wD, wR,
M2 are sorted donors, receivers, and medium after ACO washout from cells co-cultured
with ACO, while M1 is medium from the same cells before ACO washout. sD and MD are
sorted donor cells and medium from the donor cells plated without receivers.
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donors alone, as well as receivers and donors with and without the channel
blocker ACO. Media is also collected here and in the next section to examine
labeling efficiency and the possibility of radioactive material leaking and dif-
fusing between cells.

1. While the donor cells are being labeled with DiI, suspend the receivers in 50 mL of
medium. Wash each of the five plates once with 2 mL of PBS (2 mL per plate) and
then with 2 mL of trypsin/EDTA. Tilt the plate for 30 s and aspirate completely to
remove as much PBS and trypsin as possible (see Note 5). Monitor the cells under
a microscope. When the cells separate well from the plate and each other, tap the
plates sharply against a hard surface to release the cells. Suspend the cells from
each plate in 10 mL of medium by vigorously passing up and down a 10-mL pipet
several times before transferring into a sterile 50-mL polypropylene tube with cap.

2. Collect the labeling medium (LM in Fig. 2) from the donor cells. Wash the plate
4 times with 4 mL of PBS, 2 mL of trypsin, suspend in 10 mL of medium, and
transfer to a 50-mL tube as done for the receivers (see Notes 4 and 5).

3. Prepare cells according to Table 1, mix well, and add 12.5 mL from each tube to
a 10-cm plate. Swirl the plates and begin incubating.

4. After the cells have formed monolayers (see Note 5), collect medium from the
washout plate (M1 in Fig. 2). Wash once with 5 mL of ACO-free medium.
Replace with 12.5 mL of fresh ACO-free medium and incubate another 20 min
with the other cells. This allows for only 20 min or less of communication between
the cells of this treatment group (i.e., wD and wR in Fig. 2).

3.4. Separation

Separation includes releasing the cells from the dish and sorting the cells by
FACS. Media are also collected here to examine the possibility of radioactive
material leaking and diffusing between cells.

1. Collect media from the plates (MD, M–, M+, and M2 in Fig. 2) and save for
analysis. Wash the plates once with PBS supplemented with the gap junction
blocker and once with trypsin/EDTA (2 mL per plate).

2. When the cells separate well from the plates and each other, tap them sharply
against a hard surface and suspend them vigorously in FACS solution D (2 mL/
plate) and transfer to 6-mL tubes with caps. This should commonly work out to

Table 1
Preparation of Cells for Co-Culture

Plate label Donors Receivers Medium ACO stock

Donors alone 2 mL   0 mL 12.5 mL   0 µL
Mix without ACO 4 mL 25 mL 0 mL   0 µL
Mix with ACO 4 mL 25 mL 0 mL 30 µL
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around 3 million cells/mL. This yields four groups (tubes) of cells: D, –, +, and
W, as shown in Fig. 2.

3. Sort cells by Fluorescence Activated Cell Sorting based on several criteria in-
cluding FSC (forward scatter), SSC (side scatter), and at least one parameter of
fluorescence (FL1 and FL2) (see Note 6). This yields seven groups of cells: sD,
–D, –R, +D, +R, wD, and wR, as shown in Fig. 2.

4. Transfer 150 µL of each sorted sample to a new tube for reanalysis to verify
purity (approx 5% of donors and 2% of receivers) by FACS. Also examine cells
by microscopy and plating to verify their purity and viability. Donors, but not
receivers, should exhibit DiI fluorescence, while all cells should adhere and grow
when replated on tissue culture dishes.

5. Pellet sorted cells and 0.5 mL of nonsorted cells at 3000g for 10 min. This can be
done in the same tubes used to collect the cells. Carefully aspirate the liquid com-
pletely from the cell pellets. Freeze immediately in dry ice and store at –70°C.

3.5. Filtration

Filtration involves lysing the cells and filtering through progressively smaller
molecular weight cutoff filters to separate out transjunctional candidates.

1. Lyse each tube of cells (i.e., sD, –D, –R, +D, +R, wD, and wR) completely in
75 µL of lysis solution for 20 min at 4°C. This is enough solution to efficiently
suspend and lyse well over 2 million cells.

2. Add 423 µL of dilution solution to each tube and mix well.
3. Centrifuge through 50-kDa Centricons. Collect retentates and assay radioactivity

(see Note 7).
4. Centrifuge filtrate through 3-kDa Centricons. Collect retentates and filtrates and

assay for radioactivity (see Note 7). Freeze samples at –70°C.
5. Because all of these samples are analyzed by scintillation counting, it is conve-

nient to count an aliquot of all medium samples also at this point (see Note 7).

3.6. HPLC

The HPLC consists of a pump with mixing valves (or multiple pumps), an
injection port, a column, and a detector (usually UV absorbance but refractive
index is also useful). Most systems utilize a computer to coordinate the various
pieces and track the absorbance changes. Given the diversity of small biologi-
cal molecules that may pass through gap junctions, defining a particular HPLC
technique to separate all of these molecules is impossible. Reversed-phase
HPLC utilizes a gradient of increasing hydrophobicity (usually acetonitrile or
methanol) to elute molecules from the column. Reversed phase columns have
several distinct advantages: C18 columns have incredible resolving power
(some chiral forms of amino acids can be separated from each other). One
effectively desalts the eluted material. The solvents usually are 100% volatile.
The latter two points can allow much easier subsequent purification/molecule
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identification. For example, electrospray mass spectrometry can utilize HPLC
separation to prepare the material for mass spectrometry without derivatization.
Reverse phase is particularly well suited to use for amino acids/peptides. The
main disadvantage is that several potential transjunctional molecules are highly
hydrophilic and do not have any affinity for the C18 matrix and thus pass
through without separation. For this reason, we utilized the Aminex HPX-87H
column from Bio-Rad which separates small molecules using multiple mecha-
nisms including ion exclusion, ion exchange, and reversed phase. Many differ-
ent columns exist to separate a variety of types of molecules, and if you are
planning to test the junctional transfer of a specific molecule or class of mol-
ecules, speak to a number of manufacturers (e.g., Bio-Rad, Vydac, Hewlett-
Packard, Waters). We will describe our procedure below but it will have to be
adapted for different columns and molecules of interest.

1. Program the HPLC to perform the necessary gradient. For the C18 column we
use a water–acetonitrile–trifluoroacetic acid gradient from 99.9:0:0.1 to 79.9:20:0.1
over 20 min at 0.6 mL/min and 37°C.

2. After blank runs are performed, inject known standards such as the specific tracer
molecule and any other metabolites. This can allow you to modify the gradient to
allow for better separation of these molecules and note their absorbance/refrac-
tive index properties to aid with subsequent identification.

3. Inject the filtered samples onto the C18 column and run the gradient. These
samples should run well because detergents present in the lysis solution are
diluted by the dilution solution. The entire sample remaining after scintillation
counting can normally be injected, but this may depend on your needed detection
levels and HPLC apparatus such as detection loops, etc. (see Note 7).

4. Fractions are taken every minute and 5% of each fraction is scintillation counted.
The fractions are then frozen and can be lyophilized.

5. For our studies, several of the glucose metabolites were not well separated by
C18-HPLC, so we also utilized an Aminex HPX-87H column (Bio-Rad) with
isocratic elution using 5 mM H2SO4 at 0.35 mL/min and 40°C. For this column,
the lyophilized fractions from the C18 column are suspended in 5 mM H2SO4

before being injected (see Note 7).
6. Fractions are taken every minute and 50% is scintillation counted.
7. For both columns elution times and absorbance/refractive index properties are

compared with known standards and any tentative identifications are made. Fur-
ther separation (e.g., TLC) may or may not need to be performed.

3.7. TLC

Many transjunctional molecules chromatograph similarly on the HPLC.
Therefore, further separation of each fraction can help purify and identify
specific compounds. Owing to the small size and relative hydrophilicity of
transjunctional molecules, TLC can be a valuable separation technique.
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1. Add standards to an aliquot of each sample to be analyzed. It is best to include
standards in the samples to be analyzed to directly compare migration of radioac-
tive bands with known compounds. Every quality of the bands, including shape,
size, and migration should be identical with a standard to identify a molecule.
Nucleotides (2.5 µg per lane) can be easily be detected by UV quenching. Sugars
(3 µg per lane) and amino acids (2 µg per lane) can also be used and detected as
described below in step 6.

2. Fifty microliters of the HPLC fractions can be spotted onto the preabsorbent zone
of a TLC plate and allowed to dry completely. These samples should also contain
internal standards (e.g., glucose, ADP, ATP) to allow chemical detection as
described below step 6. More sample can be applied again to the same lane
to increase the level of sample for more rapid detection. However, some
samples may contain salt that can retard migration and resolution when concen-
trated by drying.

3. Place precut Whatman 3MM paper into a standard glass TLC chromatography
tank. Add enough ascension buffer to fill the tank to about 1 cm depth from the
bottom of the tank (TLC with harmful solvents should be run in a fume hood).
Equilibrate for 20 min. Place the plate into the chamber and run until the solvent
front travels 1–2 cm from the top of the plate (about 5 h).

4. Remove the plate(s), air-dry, and heat 110°C for 5–10 min. Visualize nucleic
acid standards with a hand-held UV lamp and outline bands with a soft pencil.

5. Expose to a PhosphorImager storage screen to detect labeled metabolites. If you
have enough radioactivity, you may be able to detect these by standard autorad-
iography. However, we have routinely exposed some samples obtained from
receiver cells for 3 wk to a Molecular Dynamics PhosphorImager storage screen
to obtain acceptable detection of signal.

6. To detect sugars or amino acid standards, spray the plates with p-anisadine–
phthalate reagent or ninhydrin reagent, respectively. Air-dry and heat at 110°C
for 5–10 min until a color forms. Sugars and amino acids show up as yellow-
green or purple, respectively, by these methods (7).

4. Notes
1. Grow and maintain cells in the appropriate medium that will allow efficient GJC.

Take great care to keep cells healthy during all procedures by working quickly,
efficiently, and gently. It is essential to have all tubes and materials ready, labeled,
and in place before starting.

2. It is important to use negative controls to identify transjunctional molecules.
Communication deficient cells as closely related as possible to the communicat-
ing cells that are examined are useful here. Nontoxic gap junction blockers, such
as ACO and AGA, can also be employed. The reversible nature of these com-
pounds enables the capture of molecules that travel within a specified length of
time. A final concentration of 100 µM ACO is sufficient to inhibit Cx43-medi-
ated GJC between Cx43-transfected C6 cells (4–6,8). Other gap junctions and
cells may require more or less of a particular blocker (6).
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3. For metabolic labeling, pick an isotope that will give the best chance of labeling an
unknown molecule, or, possibly, targeting a suspected molecule. D-[U-14C]glucose
from Amersham has been used successfully with this procedure (4,5). Every car-
bon is labeled in this form of glucose. Therefore, this labeling is relatively gen-
eral with respect to metabolites derived from this food source. Safety and cleaning
procedures must be rigorously adhered to, particularly to deal with aerosol pro-
duced during cell sorting procedures, incubations, and metabolic labeling. Also,
care must be taken to contain media and solutions that are aspirated. This proto-
col uses the same medium that the cells have been growing in to best simulate the
ongoing cellular environment.

4. Fluorescent labeling depends on the parameters required and available on the cell
sorter. A series of nonisotopic runs should be performed to determine the best
parameters to separate the donor and receiver cells from each other. It is VERY
important to remove all dye by aspirating completely. Otherwise receivers will
also become labeled. In addition, the filtration procedure removes cellular debris
and other material that can incorporate DiI and potentially allow some labeling
of the receivers.

5. For co-culture, it is very important to aspirate all trypsin completely. Otherwise,
residual trypsin will inhibit prompt formation of communicating monolayers.
Examine the cells under a microscope to determine when to remove medium for
the washout plate. However, do not go into the incubator too early or often.

6. FACS may be the most challenging and critical step in this procedure. To begin
with, the cells must be completely separated from each other in suspension prior
to sorting. Cell strainers (see Subheading 2.) can be used for this purpose. In line
filters can be used during sorting, but should be changed between each sorting
sample. It is also advisable to vortex-mix often. Because the cells are sorted based
on fluorescence, a donor and receiver pair of cells that were not completely sepa-
rated by trypsin/EDTA treatment will be sorted into the donor pool. Therefore,
the receivers can reach a very high level of purity more easily than the donors.
Obviously, quality and accurate quantitation are imperative for this procedure.
So, windows must be cut very conservatively. The vast majority of cells do not
meet this sort criteria and are not collected. Of course, it is also essential to care-
fully reanalyze collected cells to verify their purity and numbers. It is important
to maintain the cells on ice and sort as fast as possible to prevent metabolism of
transjunctional molecules. In addition, reverse the sorting order in different
experiments to verify the absence of effects of any time differences due to sort-
ing. Culture cells as close as possible to the sorter to make the process as efficient
as possible. It should be possible to routinely sort more than 3000 cells per sec-
ond to collect about 200,000 donors and 1 million receivers in approx 15 min
with > 99% and 85% purity for receivers and donors, respectively. As mentioned
above, more than two thirds of these cells may not meet sorting criteria and go
uncollected.

7. It is important to keep track of volumes during all manipulations, including fil-
tration and chromatography, as all radioactive measurements should be converted
to values per cell.
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The Study of Connexin Hemichannels
(Connexons) in Xenopus Oocytes

E. Brady Trexler and Vytas K. Verselis

1. Introduction
Studies of ion channels often utilize patch clamping in excised patch con-

figurations together with rapid solution exchange to examine the kinetics of
drug and/or agonist action at the single-channel level. However, studies of these
sorts have not been possible for gap junction (GJ) channels, which are formed
by the coupling of two hemichannels, one from each cell. Accessing a GJ chan-
nel directly with a patch electrode would require disruption of one cell, and
excision of that patch would require pulling it off as an intact double-membrane
structure. Direct patching onto a junctional membrane has been accomplished
in the earthworm ventral nerve chord by teasing out the median giant septate
axon and cutting it close to a septum. The septum bulges out and appears to
maintain a high density of GJ channels, making it a preparation amenable to
patching (1). However, invertebrates express a family of GJ proteins unrelated
in primary sequence to the vertebrate connexins (2), and a direct patch approach
has not proved applicable to mammalian cells expressing native or exogenous
connexins owing to technical difficulties such as membrane resealing and/or
vesicle formation on cell disruption. Nature, however, has provided an alterna-
tive that circumvents these technical difficulties. Some connexins, most nota-
bly Cx46, are capable of forming functional hemichannels, or connexons, in
addition to forming GJ channels between cells (3–5). Instead of patching onto
a junctional membrane, one can patch onto the surface membrane of a cell
expressing one of these connexins and record from single hemichannels. Although
hemichannels are not full GJ channels, they display many of the conductance
and gating properties expected of unapposed connexin hemichannels (6) and
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thus, are likely to contribute significantly to our understanding structure–
function relationships of full GJ channels.

For the most part, functional hemichannels have been observed using the
Xenopus oocyte expression system, but there are reports of functional
hemichannels in transfected mammalian cells as well (7). In addition,
connexins in isolated horizontal cells from teleost retina form functional
hemichannels (8). In two-electrode voltage clamp experiments, depolarization
of Xenopus oocytes expressing Cx46, Cx38, or Cx56 to inside positive volt-
ages elicits slowly activating outward currents (4,6). Although it is uncertain
why these connexins readily open in the surface membrane when unapposed,
whereas other connexins do not, the slowly activating outward currents seem
to be a hallmark of functional connexin hemichannel expression. Indeed, we
and others have seen these same slowly activating outward currents in Xeno-
pus oocytes expressing hemichannels formed of the chimerical connexin,
Cx32*43E1, in which the first extracellular loop of Cx32 is replaced with that
of Cx43 (9).

Electrophysiological studies of connexin hemichannels are much like stud-
ies of other ion channels, and some of the methods described here are not new.
However, there are some peculiarities associated with recording from connexin
hemichannels and we provide the methodologies needed to successfully obtain
and excise membrane patches from Xenopus oocytes expressing Cx46 hemi-
channels. We also describe the methods we have employed to rapidly exchange
solutions to excised patches while acquiring data in a gap-free mode. The abil-
ity to rapidly and uniformly apply connexin modulators to either face of a
hemichannel and the greater time resolution and lower noise afforded by
recording from single hemichannels in small membrane patches are new to the
connexin field. The use of hemichannels is likely to be an approach that will
routinely accompany structure–function and regulation studies of GJ channels.

2. Materials
2.1. Reagents

All reagents are available from Sigma (St. Louis, MO), except where noted.

1. XOS and XOS+Ca2+ (Xenopus oocyte isolation and storage solutions). Prepare
10× stocks with the following concentrations: for XOS: 880 mM NaCl, 10 mM
KCl, 10 mM MgCl2, 100 mM n-(2-hydroxy ethyl) (HEPES), 10 g/L of glucose;
adjust pH to 7.6 with NaOH. For XOS+Ca2+: add 18 mM CaCl2 in addition to
XOS components. If filter sterilized, these solutions may be stored for up to 3 mo
at 4°C. On dilution, 2.5 mM pyruvate is added to XOS+Ca2+ and pH is readjusted
to 7.6 with NaOH. We usually make 250–500 mL of both 1X solutions per frog.

2. Type IV Collagenase (Worthington Biochemical Corporation, Freehold, NJ).
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3. Devitellinization solution: 220 mM sodium aspartate, 10 mM KCl, 1 mM MgCl2,
10 mM HEPES; adjust pH to 7.6 with NaOH.

4. Agarose, low melting point (Fisher, Pittsburgh, PA).
5. TEVC electrode filling solution: 1 or 2 M KCl and 10 mM HEPES, pH = 7.6.
6. Patch pipet filling solution (internal pipet solution [IPS]): 100 mM KCl, 1 mM

CaCl2, 1 mM MgCl2, 5 mM EGTA, 5 mM HEPES. This is the normal solution we
use for patching. For permeability measurements, this solution or another may be
used, in which KCl is replaced with a different salt. For pH studies, a different
buffer may be used, such as PIPES or MES, and the concentration may be increased.

7. Xenopus laevis frogs (Xenopus I, Ann Arbor, Michigan).
8. Qiagen PCR prep spin columns (Qiagen, Valencia, CA).
9. Xenopus Cx38 antisense oligonucleotide:5'-GCTTTAGTAATTCCCATCCTGC

CATGTTTC-3', which is complementary to XenCx38 commencing at NT-5 with
respect to the initiation codon. A 1 µM synthesis using phosphorothioate nucle-
otide analogs is resuspended at 8 pmol/µL concentration in RNase-free double-
distilled H2O (ddH2O) and stored at –20°C. It is convenient to make higher
concentration stocks of the antisense oligonucleotide and dilute them upon use.

2.2. Apparatus

1. Dissecting microscope.
2. 35- and 60-mm plastic Petri dishes (Falcon 3001 and 3002, Fisher).
3. Pasteur pipets for handling oocytes. During initial stages of oocyte isolation, the

pipet is broken at the taper and used inverted, with the bulb attached at the break.
For handling individual oocytes, the pipets are cut with a diamond knife 1 or 2 cm
from the start of the taper (to make the tip wider) and firepolished to smooth the end.

4. Refrigerator set at 18°C.
5. Two-electrode voltage clamp (e.g., GeneClamp 500 from Axon Instruments, Fos-

ter City, CA).
6. Patch clamp (e.g., AxoPatch 200B from Axon Instruments).
7. Three-axis manipulators (e.g., MHW-3 from Narishige, Japan).
8. Pipet puller (e.g., P-97 from Sutter Instruments, Novato, CA or PP-83, Narashige).
9. Glass for rapid solution switching (thin-septum theta, cat. no. TGC150-10—tube

glass from Warner Instrument, Hamden, CT).
10. Glass for patch pipets: 1.2 mm outer diameter (o.d.) (cat. no. 6020) or 1.5 mm

o.d. (cat. no. 5968) filament glass from AM Systems, Everett, WA.
11. Piezoelectric actuator, amplifier/driver and mounting system (e.g., LSS-3000

from Burleigh, Fishers, NY).

3. Methods
3.1. Oocyte Isolation

Isolating oocytes from Xenopus laevis is a relatively straightforward pro-
cess and has been reviewed elsewhere (see Skerrett et al., Chapter 13). We
wish to stress some specifics relevant to hemichannels. There are a number of
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factors that can affect membrane properties and hemichannel expression, both
of which will affect patch-recording success.

1. The use of collagenase with low ancillary protease activity was found to be best
suited for studies of connexin hemichannels. Low protease activity appears to
minimize the expression of endogenous XenCx38, consistently yields greater lev-
els of exogenous hemichannel expression, and leaves the surface membrane ame-
nable to obtaining gigaohm seals and excising patches in inside-out and outside
out configurations. Otherwise, excised patches tend to form vesicles.

2. All collagenases have ancillary protease activity, the amount of which is deter-
mined by the purification procedure. Type I collagenase has the most ancillary
protease activity, whereas type IV has the least. It is best to try a few different
lots from different manufacturers before purchasing a collagenase. The trial lots
are usually shipped with specification sheets that list the amounts of caseinase,
clostripain, and tryptic activities. Usually, the lot with the lowest ancillary pro-
tease activities will give the best results for patching. Incubation time in collage-
nase as well as the collagenase concentration may be varied for each lot to
optimize results. As a general rule, if the solution becomes too cloudy (as a result
of cell rupture) during collagenase treatment or during the washing steps, try
shortening the incubation time or lowering the collagenase concentration and
washing more frequently.

3. The oocytes isolated using type IV collagenase from Worthington Biochemical
do not adhere together very well, which is disadvantageous for promoting cell–
cell coupling. Curiously, the use of collagenase with moderately higher ancillary
protease activity yields better results in gap junctional coupling experiments.
Very high protease activity tends to promote endogenous Xen38 coupling.

3.2. Preparation of cRNA

1. Expression of connexin proteins in Xenopus oocytes is usually achieved by inject-
ing cRNA transcribed in vitro from cloned DNA. We will not discuss the details
of making cRNA, as numerous protocols and commercial kits are available for
this purpose (see Chapters 13 and 14). Usually, the cRNA is purified and concen-
trated by phenol-chloroform extraction and/or ethanol precipitation. However,
resuspension of the cRNA pellet often is incomplete, and leads to small particles
that can clog the injection pipets during loading. It is uncertain whether these par-
ticles are actually undissolved cRNA or salt, but our experience is that the level of
expression is inversely proportional to the amount of uninjectable particulate matter
in the cRNA suspension.

2. To achieve expression levels necessary for patching and avoid the extraction,
precipitation, and resuspension steps, the completed cRNA transcription reaction
can be purified on silica-gel spin columns, such as those supplied by Qiagen
(Valencia, CA). The QIAquick polymerase chain reaction (PCR) purification kits
are simple and provide excellent yield. Although sold as a means to purify DNA
from the PCR reaction, the spin columns and reagents are ribonuclease free, and
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the protocol is adapted for purification from an enzymatic reaction. The kits sold
expressly for RNA isolation are designed for total RNA isolation from tissue,
which is not ideal for our purposes. Connexin cRNA can be eluted from the col-
umns with the Cx38 antisense oligonucleotide solution. The oligonucleotide is
small enough not to bind to the silica gel, and passes through. Because the turn-
over rate of connexins is rapid, 2–3 h (10), coinjection with Cx38 antisense almost
eliminates Cx38 expression after a period of 1–2 d.

3.3. Patch Recording from Connexin Hemichannels

3.3.1. Expression Levels Required for Patching

1. To test for Cx46 expression levels suitable for patching, oocytes with intact vitel-
line membranes are voltage clamped to –60 mV and depolarized to +20 or +30 mV
in XOS+Ca2+. In our experience, oocytes that are considered “patchable” for
Cx46 possess an outward current that exceeds 1 µA within 1–2 s of stepping the
membrane voltage; these criteria will undoubtedly differ among connexins,
depending on single-channel conductance and voltage activation properties. By
“patchable” we mean that >80% of the patches will contain at least one func-
tional hemichannel.

2. The oocytes meeting the expression criteria are devitellinized by placing them
into a “discharged” 35-mm dish lid containing the hypertonic devitellinizing solu-
tion. Oocytes will adhere to a fresh plastic Petri dish, which becomes a serious
problem when trying to remove them from the hypertonic media back to
XOS+Ca2+ for storage or recording. To overcome this, the dishes can be “dis-
charged” by rubbing distilled water around the surface with a finger. After ~10 min
in the hypertonic solution, the cells shrink away from the vitelline membrane
sufficiently and can be removed manually with forceps. Devitellinized cells are
transferred to a 35-mm dish with the bottom coated with a 1% agarose/XOS+Ca2+

to keep the oocytes from adhering to the bottom.
3. Sometimes there is some loss of functional hemichannel expression after

devitellinization. This became evident to us by an inability to see any hemichan-
nel activity patch after patch from oocytes that had met or exceeded the criteria
for expression. Subsequent testing of these devitellinized oocytes revealed sig-
nificantly reduced currents compared to those just prior to devitellinization. The
reason for this phenomenon is unclear, but appears to vary among batches of
oocytes and collagenases. We find that if the oocytes are allowed to recover in
XOS+Ca2+ for 2 h, expression levels often return. Overexpression can also a
problem in that the cells become unhealthy and unresponsive to hypertonic shock.
The best results for patching are obtained 24–60 h post-injection.

3.3.2. Recording Setup

3.3.2.1. RECORDING CHAMBER

1. A schematic view of a simple patch-recording chamber for oocytes is presented in
Fig. 1. The chamber is constructed from Plexiglas and contains two compartments.
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A glass slide affixed to the bottom with silicone adhesive forms the bottom of the
larger compartment, which houses the oocyte. The angled entry (at the left of the
larger compartment in the figure shown) allows access of a patch pipet to the
oocyte at a shallow angle (beneficial when rapidly perfusing an excised patch
with another electrode; see Subheading 3.4.). The smaller compartment serves
as a ground reservoir. Two V-shaped grooves from the edge of the Plexiglas to
the large compartment serve to restrict the movement of the bath perfusion pipets.
These pipets are usually formed from patch pipet glass that has been bent to an
S-shape, providing a wide stream parallel to the bottom of the chamber.

2. A suction pipet is formed from 1.2–1.5 mm inner diameter glass. One end is
flame sealed, and then, upon reentering the flame, air is forced in to blow a hole

Fig. 1. A schematic diagram of a perfusion chamber suitable for studying connexin
hemichannels in excised patches.
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in the sealed end. At this stage, the thin glass cylinder that results from blowing
the hole is broken off with forceps under a microscope. The jagged edges that
remain should be fire polished to create a smooth hole. When used as a suction
pipet, the hole will face up, and the solution level in the bath will be maintained
at a level slightly below the hole, owing to capillary action. The suction pipet is
in constant contact with the bath solution, eliminating the electrical noise gener-
ated from the breaking and reforming of contact with the bath solution that occurs
with other types of suction pipets. A 3 M KCl–agarose bridge is constructed by
bending a 3–4 cm piece of glass tubing into a U-shape. This is then filled with a
3 M KCl–1% agarose solution. The bridge can be reused multiple times if stored
in 3 M KCl at 4°C.

3. Prior to recording, the bottom of the larger recording chamber is coated with 1%
agarose–XOS. The ground electrode is placed in the smaller compartment, which
is filled with the IPS. The 3 M KCl–agarose bridge connects the two compart-
ments. The arrangement of a separate ground chamber with the IPS and a 3 M
KCl bridge minimizes the differences in junction potentials between the perfused
solutions and the bath.

3.3.2.2. ACQUISITION SOFTWARE AND HARDWARE

1. There are numerous software packages available for data acquisition. Most ven-
dors offer a hardware–software combination that is sufficient for most electro-
physiological experiments. The choice should depend on the type of computer
system you are most familiar with (i.e., Apple or PC), the maximum number of
data channels you will likely acquire, the maximum sample rate of the ADC
board, and the number of waveform output channels, or DAC channels. Useful
software features include automatic sampling of the gain and filter frequency
settings of the amplifier and an easily configurable seal-test protocol. The soft-
ware should have a variety of acquisition modes, including continuous, episodic,
and event triggered. It should be able to sample multiple input channels simulta-
neously. In addition, it should have macro capabilities or the ability to alter the
software through source code, as it is not likely that any single package will
be flexible enough to perform every type of experiment. Some commercial soft-
ware packages have limitations that are unsuitable for the special requirements of
studies of gap junction channels (see Notes 1 and 3).

3.3.3. Analysis of Single Hemichannels

Cx46 hemichannels display complex voltage dependence that is best described
by the action of two distinct voltage gates (6). Separation of the actions of
voltage as resulting from two gates is suggested from the qualitative differ-
ences in channel behavior between positive and negative potentials. For nega-
tive potentials, the predominant gating behavior involves slow transitions
between open and closed that are mediated by numerous short-lived substates.
In contrast, at positive potentials the channel predominantly transits between



348 Trexler and Verselis

open and sub; these transitions are rapid and involve no intermediate substates.
In fact, substates represent a significant component of connexin hemichannel
gating, as well as cell–cell channel gating. Kinetic analyses of such complex
gating behavior involving substates can be performed by utilizing a combina-
tion of existing methodologies that are particularly useful for channels with
multiple substates, whether short-lived or long-lived.

3.3.3.1. VISUALIZING SHORT-LIVED SUBSTATES

1. Although long-lived substates are easily discerned in a current time series and in
all-points histograms, the substates characteristic of connexin hemichannel tran-
sitions between fully open and closed states are not generally visible in all-points
amplitude histograms as they are too short-lived and only broaden the peaks of
the open and closed states. Discerning these short-lived conductance levels from
a view of the time series has also proved problematic. Thus, we employ mean-
variance histograms (MVHs) of varying window widths as a means of visualiz-
ing the substates (11).

2. A window consisting of a number of points (3–200) is moved along the sampled
current from a single channel and the mean and variance within each window are
calculated. A three-dimensional histogram is constructed by binning occurrences
of mean-variance pairs. In the example of an MVH plot shown in Fig. 2A, the
broad low-variance regions correspond to the open and closed current levels, at
which the hemichannel spends most of the time, and the small low-variance
regions correspond to the short-lived substates.

3. The substates that are visible in the MVH have lifetimes greater than or equal to
the window width. An all-points histogram of the same current record is shown
in Fig. 2B and is not informative in discerning substates.

3.3.3.2. IDEALIZATION WITH SUBSTATES

1. The first step in a kinetic analysis of single channel data is the construction of a
noise-free idealized current time series. Although standard half-height threshold
algorithms are useful for idealizing current records from channels that switch
between zero and full conductance states, they deal poorly with transitions to
multiple current sublevels. We employ a detection algorithm called the sublevel
Hinkley detector (SHD) to idealize current records with multiple substates.

2. This algorithm examines all the possible current level jumps in parallel by calcu-
lating the velocity of increase to each level (12). The velocity of increase has a
maximum for a jump the correct level. For Cx46 hemichannel data, we identify
current levels from the low-variance regions of the MVH. The SHD is then used
to idealize the trace. The SHD, in addition to producing an idealized current trace,
creates a transition matrix showing all possible transitions and their frequencies.
An example of an idealization of a segment current record from a single Cx46
hemichannel is shown in Fig. 2C. When only two levels are selected for
idealization, the algorithm behaves as a simple half-height crossing detector
(not shown).
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3.4. Rapid Perfusion of Excised Patches

The study of GJ channel sensitivity to chemical modulators in tissue or cell-
pair preparations has been confounded by an inability to rapidly and uniformly
change chemical concentrations, which is necessary to determine the kinetics
of action and to avoid slower secondary effects. Single hemichannels in excised
patches exposed to fast perfusion provide a means of examining the action of
such modulators with millisecond time resolution.

In the late 1980s, a technology developed that enabled excised patches con-
taining ion channels to be subjected to submillisecond solution switching. This

Fig. 2. A segment of a recording of a cell-attached patch containing a single active
Cx46 hemichannel is analyzed by using mean-variance histograms (MVHs) and the
sublevel Hinkley-detector (SHD). (A) A MVH of the patch current allows identifica-
tion of the short-lived substates that constitute the transitions between the main open
and closed states. (B) An all-points amplitude histogram is useful only for identifying
the main open and closed states. (C) The SHD provides a noise-free idealization of the
segment using the eight levels selected in A.
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was achieved by moving an excised patch through a “liquid filament,” that is,
an interface between laminarly flowing solutions (13). The best way to achieve
laminar flow between two solutions is to use theta tubing. Rapid switching can
be achieved by a piezoelectric driven actuator.

3.4.1. Construction of Theta Tube Perfusion Pipets

1. The theta tube can be pulled on any standard microelectrode puller. To reduce
oscillations caused by the elasticity of the theta pipet, it should be pulled with a
short shank.

2. The tip diameter of the theta tube should be 100–200 µm. Because it is nearly
impossible to consistently pull tips of this diameter, we pull the theta tubes to a
smaller tip diameter (1–2 µm) and score the shank with a diamond knife. A micro-
meter mounted in the eyepiece of a dissecting scope is used to assess the diameter
of the shank for scoring. Slight pressure with forceps to the scored shank pro-
duces a clean break leaving an interface perpendicular to the flow.

3. The pipet is mounted on a thin (1/8-in.) sheet of Plexiglas that is mounted on top
of a larger sheet (same thickness). A groove milled in the upper Plexiglas sheet
perpendicular to the direction of movement of the piezo-actuator helps maintain
the same alignment from one experiment to another.

4. Once pulled to the desired tip, the theta tube is fastened to the Plexiglas with
soft wax, placed under the microscope, and the septum is aligned so that it is
straight up and down. Once adjusted, the perfusion pipet is permanently fixed
with hot glue.

5. To supply solutions to each barrel, a biomedical needle is gently inserted into the
back of each barrel until the tip of the needle lodges into the tapered portion of
the shank. For the thin-walled theta glass we use, a 30-gauge stainless steel bio-
medical needle (Popper, New Hyde Park, NY) fits nicely into each barrel. The
back ends of the barrels from which the needles emerge are sealed with sticky
wax (Kerr, Emeryville, CA) to prevent leakage and the external portion of each
needle is fastened to the bottom Plexiglas sheet.

6. Tubes connecting reservoirs with the desired solutions are then attached to the
luer-end of the needles and the whole assembly is mounted onto the piezo-
positioner.

3.4.2. Flow Adjustment

1. Flow rate through the theta tube barrels is easily controlled by gravity and can be
adjusted by changing the heights of the reservoirs feeding each barrel.

2. Changes in flow rate change the shape of each solution stream and the width of
mixing interface between the two streams.

3. Flow rates should be adjusted to achieve a thin interface between the two streams.
Faster flow rates achieve thinner interfaces, but also tend to disrupt the patch seal.
For a 200 µm diameter theta tube tip, we find an optimum flow rate of 0.2 mL/min
with the patch pipet placed ~100 µm from the edge of the of flow tube.
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3.4.3. Achieving a Rapid Transition Through the Interface

1. To achieve rapid-solution switching requires application of an appropriate volt-
age protocol to the amplifier/driver. The position of the piezo-actuator is nearly
linearly related to the applied voltage. Programmable drivers are available that
can be synchronized with electrophysiological data acquisition by means of a
digital trigger input. If the driver is not programmable, an analog voltage wave-
form can be applied through an external input.

2. Software generation of a waveform through a DAC provides the most flexibility
and ease of synchronization with electrophysiological data acquisition. Although,
in principle, a voltage step would produce the most rapid movement of the piezo-
actuator, it also introduces unwanted mechanical oscillations of the perfusion tip
and may damage the piezo-device.

3. A voltage protocol consisting of three ramps, rather than a single step, provides
the best results (see Note 2 for discussion).

4. Pilot experiments using a high-resistance pipet and switching between two dif-
ferent salt solutions are useful in ascertaining the best flow rate, pipet placement,
and piezo-voltage protocol. The speed of solution switching can tested by mea-
suring the change in the holding current due to a change in tip potential of a high-
resistance patch pipet when switching between two solutions differing in salt
composition (solutions A and B in Fig. 3A). The 10–90% difference in tip poten-
tial (measured in voltage clamp as shift in holding current) was typically tra-
versed in ~1 ms (Fig. 3A).

5. An example of the utilization of fast solution switching to examine the kinetics of
pH action on a connexin hemichannel is shown in Fig. 3B. In this example, the
pH at the intracellular face of an inside-out patch containing a single Cx46
hemichannel was rapidly switched from pH 7.5 to pH 6.0 by employing a piezo-
actuator driven by the three-ramp protocol described previously. Three consecu-
tive sweeps are shown in which the hemichannel was subjected to a 2-s
application of pH 6.0. Switching was achieved in ~ 1 ms and very rapid com-
pared to the time scale shown. The single hemichannel conductance can be seen
to decrease almost immediately upon solution switching (middle trace), and after
a brief latency the hemichannel closes and predominantly remains closed for the
duration of the low-pH application (14).

4. Notes
1. Special considerations are necessary for recording electrophysiological data from

gap junction channels or hemichannels. For gap junction channels, continuous
acquisition (no stimulus or gaps) requires at least two data channels to be acquired
simultaneously. A commonly used software package, pClamp 6.0 (Axon Instru-
ments, Foster City, CA), only allows acquisition of a single data channel when
acquiring in continuous mode. A newer version, pClamp 7.0 (Axon Instruments),
has remedied this problem, allowing up to 16 data channels to be sampled simul-
taneously. For hemichannel recordings, a single data channel may be all that is
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necessary during continuous acquisition, unless the command voltage is also
acquired. It is preferable to have two analog-out channels accessible from the
software that will control the command voltage or a device such as a piezo actua-
tor. The potential at each output should be modifiable during acquisition.

There are further considerations for pulsed data acquisition, data acquired
during application of a stimulus waveform. Stimulus waveforms are divided into
epochs that define the time at a given voltage, and whether that voltage should be
reached by a single step or by ramping. pClamp 6 provides eight configurable
epochs, whereas pClamp 7 provides 10, but both versions limit the number of
samples per episode (or sweep) to 16,384 points. This means that when sampling
at 5000 samples per second (5 kS/s), each waveform is ~3.3 s. If two channels are

Fig. 3. Fast application of chemical modulators is possible with excised patches
and a piezo-actuator. (A) An example of switching between two different salt solutions
with a high-resistance pipet. The 10–90% difference in holding current is traversed in
< 1 ms. (B) An example of multiple fast applications of pH 6.0 to the same inside-out
patch using a piezo-actuator. I = 0 pA denotes the leak conductance of the patch.
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sampled at 5 kS/s, then the waveform time is halved. Both connexin cell–cell
channels and hemichannels have mean open times on the order of hundreds of
milliseconds to seconds. For Cx46 hemichannels, the opening and closing transi-
tions are complex and full transitions require 10–100 ms for completion. Any
acquisition program that limits the time per episode to just a few seconds with a
sample rate such as 5 kS/s will be inadequate for studies of connexin channels.

2. To minimize the ringing of the theta tube assembly and piezo-actuator itself, a
voltage protocol consisting of three ramps is ideal for a rapid transition across the
interface between the two solutions flowing through the theta tube. The first ramp
produces a slow approach (2 µm/ms) of the patch electrode from the center of one
stream toward the interface. The second ramp rapidly (10 µm/ms) moves the patch
pipet through the interface and the third ramp slowly (2 µm/ms) moves the patch
pipet to the center of the second stream (see Fig. 3A). This waveform configura-
tion minimizes ringing and resonance of the piezo-device and theta tube while
achieving a rapid transition through the interface. The piezo-actuator we use has
a maximum range of 70 µm; the corresponding input voltage range to achieve the
full range of motion is 10 V. The voltage waveform we use consists of ramps
from 0 to 4 V for 14 ms, 4–6 V for the next 1.4 ms, and 6–10 V for the last 14 ms.
The distances moved during each of the three ramps are 28 µm, 14 µm, and 28 µm,
respectively.

Most commercially available stimulus/data acquisition software packages can
output waveforms only when acquiring in episodic mode. As the “on” and “off”
waveforms that position the actuator consist of three ramps, six epochs are neces-
sary for piezo-movement. To record channel activity during the three periods
before, during, and after exposure to the test solution, the software would have to
provide at least nine configurable epochs (see Note 1).

One workaround to allow software control of a piezo-actuator within software
limitations is to modify the method by which the voltage is applied to the piezo-
actuator. Most new commercial acquisition programs can acquire multiple data
channels during a continuous acquisition. They also allow the voltage at either
DAC channel to be modified without interrupting acquisition. The piezo-actuator
can be repositioned by stepping the voltage between 0 and 10 V. To reduce the
oscillations that an instantaneous voltage step will induce, filtering can be employed
to slow the rise time. A simple RC circuit with a variable time constant of 10–100 ms
will slow the rise time enough to prevent ringing without appreciably increasing
the time spent crossing the interface between the two theta tube streams. Details
of such conditioning circuits and the use of Clampex 7 to coordinate piezo move-
ment and electrophysiological acquisition are provided by Kabakov et al. (15).
The exact time of interface crossing for each patch can be determined by first
disrupting the patch and then flowing distilled water down the barrel that con-
tained the test solution. The holding current of the patch will change as the piezo-
actuator moves the interface across the patch pipet tip.

3. It may be desirable to write your own data acquisition software for the greatest
flexibility in data acquisition. We have written our own software that controls
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data acquisition boards from National Instruments (NI) (Austin, TX). NI hard-
ware allows for a waveform output to start even if an acquisition is already run-
ning. On NI boards, separate timers drive acquisition and output. This means that
a waveform output can operate at a different rate than the acquisition rate. With
this flexibility, “on” and “off” waveforms can be applied at any time during a
continuous acquisition of both patch current and piezo-voltage. Solution exchanges
are thus synchronized with channel activity. Moreover, in episodic stimulation
mode, waveforms can be of any length and any number of epochs, which is benefi-
cial when compiling a large number of similar experiments for ensemble analysis.
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Exploring Hemichannel Permeability In Vitro

Andrew L. Harris and Carville G. Bevans

1. Introduction
The intercellular molecular signaling that occurs though gap junctions is

determined by the particular molecules that can pass through the specific
connexin channels involved. Differences in the biological roles played by dif-
ferent connexin isoforms are no doubt due, in part, to differences in the
molecular selectivity of the channels they form. The molecular selectivity of
connexins can be investigated in cells by monitoring intercellular movement
of fluorescent or radiolabeled tracers. The tracers must be either injected into
cells or loaded via acetoxymethyl (AM)-ester or similar chemistry. This
approach has the advantage of working with native gap junction structures, but
the disadvantage of being limited to the use as tracers of molecules that are
tolerated well by cells and that do not affect connexin expression or function.
In addition, enzymatic activities in cytoplasm can cause serious problems for
interpretation of results, particularly for biologically active junction-permeant
molecules such as second messengers.

The protocol described here was developed to assess in vitro the molecular
selectivity of purified connexin channels (see Note 1). It has the advantages
and disadvantages of a noncellular system in defining the molecular selectivity
of junctional channels. In it, purified connexin is reconstituted into liposome
membranes. The liposomes are then loaded with tracer molecules, and sub-
jected to transport specific fractionation (TSF). In TSF the exchange of
osmolytes (urea and sucrose) through a reconstituted channel increases the
density of the liposome. The increase in density is detected as a change in
position in a density gradient. A mixture of liposomes with and without func-
tional channels forms two bands—liposomes with functional channels deep in
the density gradient, and liposomes without functional channels nearer the top.
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To assess molecular selectivity of the channels, the tracer(s) retained by the
liposomes in the two populations are compared (see Note 2).

Channel activity is thus assessed by a change in density/position, while per-
meability is assessed by tracer loss. Liposomes that are permeable to the tracer
rapidly lose it. The tracer per liposome retained in the upper band (composed
of liposomes without functional channels) is an internal control for amount of
tracer loaded into the liposomes, and for nonspecific leakage. Comparison of
the tracer per liposome of the upper band with that of the lower band thus
reveals whether the tracer is able to pass through the open channels. Owing to
the small size of the liposomes, complete loss of tracer from a liposome occurs
very rapidly, so each liposome either retains tracer or loses it completely. TSF
has been used to identify connexin-specific differences in molecular selectiv-
ity for homomeric connexin32 (Cx32) channels and heteromeric Cx26/Cx32
channels (1–4).

1.1. Stepwise Summary and Review of TSF

1. Liposomes are formed from connexin and lipid solubilized in detergent (includ-
ing a trace amount of a rhodamine-labeled lipid).

2. Liposomes are formed in, and entrap, a urea-containing solution.
3. Liposomes are loaded with tracer.
4. Tracer is rapidly lost from liposomes that contain channels permeable to it.
5. Liposomes are centrifuged through an isoosmolar density gradient (TSF gradi-

ent) formed from the urea solution and a more dense solution in which the urea is
osmotically replaced by sucrose (sucrose has greater density than urea).

6. Solutions and gradients are constructed so that the density of liposome mem-
brane is that near the bottom of the gradient.

7. Liposomes that do not contain functioning connexin channels are not permeable
to urea and sucrose. Their density remains low due to the entrapped urea solu-
tion, and they remain in the upper part of the gradient.

8. Liposomes that contain functioning connexin channels are permeable to urea and
sucrose, and equilibrate these two osmolytes. These liposomes effectively have
the (greater) density of the phospholipid membrane, and move to a lower posi-
tion in the gradient.

9. Following centrifugation, the two populations of liposomes are recovered, and the
ratio of retained tracer to lipid (assessed by rhodamine content) of each determined.

2. Materials
2.1. Reagents

1. Urea buffer (1XU): 10 mM KCl, 10 mM N-(2-hydroxyethyl) piperazine-N'-2-
ethanesulfonic acid (HEPES), 0.1 mM EDTA, 0.1 mM EGTA, 3 mM sodium
azide, 459 mM urea adjusted to pH 7.6 with KOH.

2. 10X urea buffer (10XU): Same as 1XU except concentration of urea is 10X (4.59 M).
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3. Sucrose buffer (1XS): Identical to 1XU except that an osmotically equivalent
concentration of sucrose, 400 mM, is substituted for the urea (see Note 3).

4. Detergent solutions: 80 mM octylglucoside (Calbiochem), 160 mM octylgluco-
side in 1XU.

5. Gel-filtration: Bio-Gel (A-0.5 m, 100–200 mesh, exclusion limit 500,000 daltons;
Bio-Rad).

6. Lipid stock: 10 mg/mL of phosphatidylcholine (egg; Avanti) and phosphatidyl-
serine (brain; Avanti) at a molar ratio of 2:1, also containing 1 mol% rhodamine-
labeled phosphatidylethanolamine (Molecular Probes) (see Note 4)

7. Solvents (HPLC grade): Methanol, chloroform, DMSO
8. Miscellaneous: Compressed argon gas; 8-methoxypyrene-1,3,6-trisulfonic acid

(MPTS, Molecular Probes); 3 M KCl.

2.2. Apparatus

2.2.1. Standard Items

1. Gel filtration (in cold room): glass columns (1.5 × 20 cm, 0.7 × 10 cm); peristaltic
pump set at 9 mL/h; fraction collector.

2. Equilibration liposomes: capillary pipets (5–200 µL; Corning Pyrex); desiccator with
vacuum pump, with high-adsorbency silica gel with indicator in the desiccator, always
kept under vacuum; probe-tip sonicator, where probe can fit into 13 × 100 mm glass
culture tubes and reach to within millimeters of the bottom (Branson); benchtop clini-
cal centrifuge (in cold room); test tube vortex mixer (in the cold room); rotary shaker
(in cold room); microcentrifuge.

3. TSF gradients: 37°C water bath; ring stand, magnetic stirplate; micro-stirbar (2 × 7 mm,
Nalgene); 4–5-mL transparent ultracentrifuge tubes with greatest available
height/diameter ratio (e.g., Beckman Ultra-Clear); gradient maker (Hoefer, SG
Series); compressed air canister; vapor pressure osmometer (Wescor).

4. TSF centrifugation and analysis: ultracentrifuge at 37°C; swinging bucket rotor
capable of developing 300,000g with 4–5-mL tubes (stored at 37°C); Wratten
gelatin optical filters (75 × 75 mm; nos. 23A and 58; Kodak or Lee).

2.2.2. Homemade Items

1. For TSF gradients: Micrometer-Advance Gradient Pourer (see Fig. 1). Attached
to the output fitting of the gradient maker is a set of short Tygon tubing seg-
ments that form an adaptor that accepts 2 mm outer diameter (o.d.) polyethyl-
ene (PE) tubing. The PE tubing is approx 25 cm long, and ends in a similar set
of Tygon tubing segments attached to a plastic microliter pipet holder of the
type usually included with boxes of microliter pipets. This set includes a
0.5 cm length of 1 cm o.d. tubing, which serves as a trap for small bubbles. The
microliter pipet holder is affixed to a manual micrometer advance (e.g.,
Narishige) so that a 100-µL capillary pipet in the holder points along the axis of
movement. The apparatus is oriented so that the axis of movement is vertical,
with the pipet tip pointing downward. When forming gradients, the micropipet
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tip is at the bottom of the centrifuge tube. After the gradient is poured, the micro-
meter is used to smoothly remove the pipet from the centrifuge tube, upward
through the gradient.

2. For TSF gradients: Syringe–Tygon Tubing Device. This is a 5 or 10 mL plastic
syringe with a short segment of large-bore (1 cm o.d., 0.6 cm inner diameter
[i.d.]) Tygon tubing over the needle fitting. The Tygon tubing is selected so it can
be snugly inserted into the top of the chambers of the Hoefer gradient maker, and
also can accept Pasteur pipets. It is used in making gradients and in recovering
the liposomes after TSF.

3. For TSF centrifugation and analysis: TSF viewing apparatus (see Fig. 2). This
apparatus facilitates visualization and recovery of the bands of liposomes sepa-
rated by TSF. A clamp on a ring stand holds a horizontal piece of 1/4-in. Lucite

Fig. 1. Micrometer-Advance Gradient Pourer.
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into which has been drilled a smooth-walled hole the diameter of the TSF centri-
fuge tubes. The Lucite is positioned ~4.5 cm above the benchtop so that a TSF
tube can be lowered through the hole from above and come to rest with only the
top few millimeters of the tube within the Lucite, holding the tube vertical and
visible almost its entire length. A fiber optic illuminator is then directed down
onto the TSF tube from above. There is a black background behind the TSF tube.
In this configuration, with the room completely dark, it is often possible to
visualize the orange rhodamine-labeled band(s) of liposomes after TSF. Greater
visual sensitivity can be achieved by positioning a no. 58 (green) Wratten gelatin
filter between the illuminator and the TSF tube and viewing the TSF tube from the
side through a no. 23A (red) Wratten gelatin filter. For optimal illumination, the
fiber optic beam is focused to a wide angle and placed at some distance from
the sample tube with a cardboard tube between the two to prevent stray light. The
TSF tube remains stabilized in the Lucite holder while the liposome bands are
recovered.

Fig. 2. TSF Viewing Apparatus.
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3. Methods
3.1. Purification

Connexin suitable for functional reconstitution can be obtained by any of several
techniques. Although connexin extracted from purified preparations of junctional
membranes has been used for this purpose by our group and others, it is not
optimal as it tends to be insoluble and perhaps damaged. There are several other
approaches (see also Chapters 3–6). Stauffer et al. used a combination of alkali
conditions, detergent, and gel filtration to obtain hemichannels (5,6). Material
purified in this way from transfected cells has been used in reconstitution studies
(7). We routinely employ immunoaffinity purification from native tissues as a
primary source of connexin (3). Connexin obtained in this way, whether from
native tissues, primary cultures, or transfected cells, has the advantages of being
solubilized in octylglucoside, and not exposed to harsh conditions. It is likely
that in the future the use of epitope-tagged (cf. [8]) or polyhistidine-tagged
(cf. [9]) constructs expressed in cultured cells will be the most efficient way to
obtain purified connexins over which one has control of the amino acid sequence.

3.2. Reconstitution into TSF Liposomes

For optimal TSF, the connexin-containing liposomes should be unilamellar
and of monodisperse size. Reconstitution of connexin into such liposomes may
be achieved by any of several methods, including dialysis or gel filtration of a
connexin–lipid–detergent mixture. Gel filtration is the more rapid and efficient
method (1,3,10,11).

3.2.1. Gel-Filtration Column

In a coldroom prepare a glass 0.7 × 20 cm chromatography column with 17 to
19 cm of Bio-Gel A—0.5 m in 1XU according to the manufacturer’s instruc-
tions. To avoid bubbles, the column should be formed using chilled 1XU. The
gel must be degassed prior to use.

3.2.2. Pre-Equilibration of the Column

Before applying the connexin-containing liposome-forming solution to the
column, nonspecific binding of lipid to the column matrix is minimized by pre-
equilibrating the column with small liposomes that do not contain protein
(equilibration liposomes [ELs]). These liposomes are prepared by sonication
of a lipid–1XU mixture, usually 2 mL at 1 mg/mL of the same lipid stock used
for the subsequent reconstitution. All work with lipid stocks in chloroform
should be done in a fume hood. Care must be taken not to introduce surfactants
or moisture into the lipid stocks or the liposome preparation.
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1. Remove a tube of lipid stock (10 mg/mL) from –20°C freezer and allow to warm
to room temperature for 30 min to avoid moisture condensation inside the tube
(see Note 5).

2. Clean a 100 × 13 mm glass test tube by filling it with methanol, then with chloro-
form. Clean the containers used (Erlenmeyer flask, long Pasteur pipet) with each
solvent prior to use (see Note 6).

3. Evaporate the residual chloroform in the tube under a stream of argon gas (see
Note 7). Caution: Evaporation of the chloroform rapidly cools the glass and can
cause moisture condensation inside the tube, which must be avoided. Continu-
ously flowing argon keeps this to a minimum.

4. Open the lipid stock tube and immediately flow a small amount of argon gas into
it to act as a barrier to moisture and oxygen while the tube is open.

5. Using a clean glass capillary pipet; remove 200 µL of the lipid stock and place it
in the cleaned test tube.

6. Immediately regas the stock tube and seal. Wrap Parafilm around the lipid stock tube to
form a moisture–condensation barrier when it is opened next, and return it to –20°C.

7. Gas the test tube with argon to evaporate the chloroform. While evaporating the
chloroform, roll the tube at an angle between fingers to form an even coating of
lipid on the sides of the tube up to about 2 cm from the bottom. Allow the gas to
flow into the tube for about 2 min after the lipid is dry. Cap the tube.

8. Place the test tube with the dried lipid into a drying vacuum desiccator. Remove
the tube cap and apply vacuum to the desiccator for 15 min (see Note 8).

9. After the vacuum pump has been turned off (remove the vacuum tube before
turning off the vacuum pump to avoid having oil sucked back into the tube) attach
the desiccator to the argon supply and flood the desiccator with argon to bring it
back up to atmospheric pressure to open it.

10. Immediately recap the test tube and remove it to the coldroom.
11. Add 2 mL of 1×U buffer into the tube. Vortex-mix until the observable lipid is in

solution. Place the capped tube in an ice bucket for 30 min.
12. Clean the sonicator probe tip by dripping ethanol down the tip and drying with a

Kimwipe.
13. Using a clamp on a ring stand, position the test tube so that the probe tip is well

into the liquid, but not touching the glass sides. Position a small flexible tube
from the argon tank into the test tube about half way, and adjust the argon flow to
about 2 psi. From below bring up on a magnetic stirplate a beaker containing an
ice slurry and a magnetic stirbar so that the lipid tube is well cooled in the slowly
stirring ice water.

14. Sonicate for 6 min, rest 2 min, and sonicate an additional 6 min. Replenish ice as
required. Wear hearing protectors if you remain nearby. ELs have formed when
the solution becomes clear—the solution must be completely clear before apply-
ing it to the gel column.

15. Recap the test tube and centrifuge it in a tabletop clinical centrifuge in a coldroom
for 5–10 min. Let it coast to a full stop. Carefully remove and save as much of the
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liposome solution as possible without disturbing the debris at the bottom of the
tube (titanium from the sonicator probe).

16. Set the peristaltic pump attached to the Bio-Gel column to run at 9 mL/h.
17. Load the ELs onto the column after the meniscus just disappears into the top of

the bead bed. Allow the ELs to flow into the bead bed until the meniscus just
disappears again, then add 1XU to the top of the column to within about 1 cm of
the top and replace the buffer reservoir cap and continue running. Be sure the
column head is completely sealed (see Note 9).

18. Wait until the EL band is just completely off the bottom of the column before
adding the liposome-forming solution. Keep the column running and proceed
immediately to the reconstitution (see Note 10).

3.2.3. Reconstitution into Liposomes

The connexin to be reconstituted must be already solubilized in 80 mM
octylglucoside. In addition, the final connexin-containing solution applied to
the gel-filtration column must also contain 1 mg/mL of lipid and be composed
of 1XU. For the protocol that follows, it is assumed that the stock of connexin
is in 80 mM octylglucoside and 10 mM salt. Because different ways of obtain-
ing pure connexin can yield it in different solutions (see Subheading 3.1.),
some the specifics in the following protocol may need to be altered so that
the final solution is as described above. For a typical reconstitution that yields
40–50% of the liposomes with functional channels, the protein/lipid ratio in
the liposome-forming solution is approx 1:300 (w/w). This means that for
the standard 1 mg/mL of lipid solution the connexin concentration should be
3–4 µg/mL (see Note 11). The liposomes formed by this method have a mean
diameter of approx 900 Å (12).

1. Clean and rinse a 13 × 100 mm test tube for lipid use as described in Subheading
3.2.2. (methanol followed by chloroform).

2. Warm the tube of stock lipid (10 mg/mL) to room temperature for 30 min before using.
3. Dry down 10 µL of stock lipid solution under argon as described in Subheading

3.2.2., steps 7–9 (see Note 12).
4. Place the tube with the lipid into a vacuum desiccator for about 15 min. After 15 min

shut off the pump and bleed argon gas into the desiccator. Cap and remove the tube.
5. Add 90 µL of the solution of solubilized connexin to the lipid in the tube and

replace the cap. Mix on a rotary shaker in a coldroom at 250 rpm until all lipid is
dissolved (this is usually the time it takes to rinse the equilibration liposomes
from the column, about 10 min). To avoid denaturing the protein, do not continue
past the point when all the lipid is in solution.

6. Swirling the solution rapidly by hand, slowly drip in 10 µL of 10XU from a
Pipetman P-20 (or similar) fitted with a long, thin, gel-loading tip into the dis-
solved lipid solution. The rapid mixing is to keep the urea concentration from
becoming excessively high during pipetting (the 10XU contains 4.59 M urea).
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7. Flush the tube with argon, cap with tight-fitting plug-tight caps (Elkay Plastics),
and wrap with Parafilm. Optimally, let the solubilization mix sit in the dark in the
cold room for 6–8 h, although shorter incubations can give acceptable results.

8. Remove the excess buffer from the top of the Bio-Gel column and allow the
buffer meniscus to just run completely into the beads. With the column pump still
on, carefully and slowly add the liposome-making solution using a long Pasteur
pipet. Run the mixture entirely into the beads. As the meniscus just disappears,
add (one drop at a time) 80 mM octylglucoside in 1XU until three drops have
been added. Watch the column while adding the drops: After each drop, allow the
meniscus to just go dry, then immediately add the next drop. After this the pink
band of lipid will be observed to move down into the column bed. Slowly fill the
column with regular 1XU. Replace the top to the buffer reservoir (see Note 13).

9. Make sure there is enough buffer in the reservoir, and turn on the fraction collec-
tor. Collect 1.45-min fractions (approx 0.5 mL).

10. The liposomes will elute in the void volume 40–60 min after addition (fraction
nos. 25–35) at a pump rate of 9 mL/h.

11. When the liposomes have been collected, cap the collection tubes and label them.
12. Stop the column flow and turn off the stopcock at the bottom of the column. The

column should be stripped the same day and washed overnight (see Note 14).

3.2.4. Stripping the Column

After each reconstitution, the column must be stripped of the residual lipid
and protein remaining in the column matrix. If not removed, it builds up and
oxidizes, degrading subsequent reconstitutions (see Note 15).

1. Prepare 0.5 mL of 160 mM octylglucoside in 1XU.
2. Turn on the pump of the gel-filtration column (9 mL/h). The buffer reservoir

should contain at least 200 mL of 1XU (enough to run overnight).
3. Open the top of the column while it is running. Remove the excess buffer with a

long Pasteur pipet, taking care not to disturb the beads. Allow the buffer to flow
into the top of the beads until just before the meniscus disappears.

4. With a Pasteur pipet, load 0.5 mL of the 160 mM octylglucoside in 1XU onto the
top of the column. The first few drops should be dropped lightly onto the middle
of the bead bed. The rest of the solution can be flowed down the side of the glass
wall. Do this slowly so the beads are not stirred up.

5. Allow the solution to completely flow into the beads and then with a new Pasteur
pipet slowly begin adding fresh 1XU (first few drops onto the middle of the bead
bed, then the rest down the glass wall). Continue adding one pipetful while wash-
ing down the walls of the column. After a few minutes to allow time for the
concentrated detergent to diffuse away from the gel bed, remove the excess buffer
and allow the rest to flow into the beads until the meniscus just disappears. Then
use a new Pasteur pipet to slowly fill up the column with fresh 1XU. Stop when
the fluid level is about 1.5 cm from the top. Replace the top of the column.

6. Rinse the column with at least ~40 mL of 1XU.
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7. Proceed to equilibrating the column with ELs for the next reconstitution, if
appropriate (see Note 16).

3.3. Loading the Liposomes with Tracers

The tracer molecules used to assess permeability are loaded into the formed
liposomes (see Note 17). Tracers are loaded by incubation with the liposomes
in the presence of 5% (v/v) DMSO for 30 min at room temperature. The DMSO
and untrapped tracers are removed by gel filtration at 4°C (below the phase
transition temperature of the lipids used). Radiolabeled, fluorescent, or spin-
labeled tracers can be loaded by this method. This protocol should be practiced
with liposomes that do not contain protein before applying it to the experimental
samples.

3.3.1. Column to Remove DMSO and Untrapped Tracer(s)

Prepare a small (0.7 cm × 10 cm) desalting column with Bio-Gel A—0.5 m,
100–200 mesh, in 1XU.

3.3.2. Rinsing and Pre-Equilibration of Column (Before Each Use)

1. Degas the column.
2. Apply a 200-µL aliquot of 3 M NaCl in 1XU. Repeat (see Note 18).
3. Apply one pipetful of 1XU, let sit for a few minutes, then remove excess.
4. Wash with 25–50 mL of 1XU.
5. Apply 200 µL of ELs made as described in Subheading 3.2.2.
6. Let 25 drops pass to elute the ELs.

3.3.3. Calibration of the Column (Before Each Use)

It is essential to calibrate the column to determine the fraction in which the
liposomes will elute, and to establish that unentrapped tracer does not contami-
nate the liposome fraction. This is done by a test trapping of a standard fluores-
cent tracer such as MPTS in gel-filtration-formed liposomes that do not contain
connexin. These liposomes are not the ELs described (which are smaller and
formed by sonication), but are formed on the gel-filtration column as described
in Subheading 3.2.3., except without the connexin (nonprotein liposomes [NPLs]).

1. At room temperature, add 10 µL of DMSO and 10 µL of 200 mM MPTS to 180 µL
of NPL

2. Vortex-mix at high speed at room temperature for 30 min.
3. Cool the sample to 4°C for 15 min.
4. Apply the sample to the rinsed preequilibrated column. Let buffer run until the

top of the bed is just dry, turn off column, and apply the 200-µL sample without
disturbing beads. Turn column on and let flow until bed is just dry again. Turn
column off, and apply a full head of buffer. Turn column on and begin counting
drops from this point.
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5. Collect each drop in a separate cuvet with enough phosphate-buffered saline
(PBS) to bring the volume to 400 µL for fluorescence analysis.

6. From the rhodamine-PE fluorescence (560/590 nm) determine in which fractions
the liposome elute (typically between drops 10 and 20). From the MPTS fluores-
cence (404/430) confirm that the conditions of the column completely separate
the unentrapped MPTS from the liposomes (see Note 19). From the two mea-
surements the efficiency of trapping can be calculated.

3.3.4. Tracer Loading

1. At room temperature, add tracer(s) in a 10-µL volume to 180 µL of protein-
containing liposomes (formed as described in Subheading 3.2.3.), followed by
10 µL of DMSO.

2. Vortex-mix, cool, and apply the sample to the column as described in Subhead-
ing 3.3.3., steps 2–4. Processing of the sample must be done at room tempera-
ture—efficiency of trapping is much lower when done at 4°C.

3. Based on the calibrations, collect the drops that contain the peak of the eluted
liposomes.

4. An aliquot of the combined peak fractions can be taken and the rhodamine and
tracer fluorescence measured to confirm efficient trapping.

For determining the amount of tracer to use it is helpful to know how much will
be loaded into the liposomes. For the 900 Å diameter liposomes produced by the
previously described protocol, the aqueous volume of a liposome is 2.5 × 108 Å3. If
incubated with 1 mM of a tracer, approx 150 molecules of the tracer are
entrapped in each liposome. In rough numbers, the intraliposomal volume in a
peak fraction from the reconstitution column (lipid concentration of at least
1/3 mg/mL) is 10–5–10–6 of the total volume (determined from MPTS trap-
ping) (see Note 20).

When using radiolabeled tracers, the lowest detectable specific activity will
depend on the counting conditions such as scintillation cocktail, scintillation
counter used, etc. A rigorous analysis of this problem is presented in Rivkin
and Seliger (13) (see Subheading 3.5.3.1.).

For fluorescent tracers, the amount to use depends on the overall quantum
yield of the fluorescent compounds. A typical concentration for a bright com-
pound such as MPTS is 10 mM.

3.4. Transport Specific Fractionation
3.4.1. Forming the TSF Gradients

3.4.1.1. THE NIGHT BEFORE

1. Place containers of urea (1XU) and sucrose (1XS) solutions into a 37°C water bath.
2. Set up a large water bath at 37°C. It will be used to keep the TSF tubes warm after

pouring until they are centrifuged. Fill the water level of the water bath so that it
comes to the level of the meniscus of filled TSF tubes.
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3.4.1.2. SETTING UP THE GRADIENT MAKER

1. The gradient maker is clamped to a ringstand above a magnetic stirplate that has
been raised to a suitable level on a jack platform.

2. The output of the gradient maker is connected to a length of 2 mm o.d. PE tubing.
At the other end of the tubing is an adaptor for 100-µL micropipets. This adaptor
is fixed to a vertically oriented micromanipulator (see Subheading 2.2.2.2. and
Fig. 1). Be sure that the tubing between the gradient maker and the micropipet
adaptor will not become stretched during gradient formation; test this by turning
the micrometer to its fully lowered position.

3. Place 4.4-mL centrifuge tubes (Beckman Ultra-Clear) in a “fingered” test tube
rack (Gilson 5 × 12 position rack for 13 × 100 mm culture tubes), or any rack that
permits the tube to be visualized along its entire length. Wedge the tubes in place
with a folded Kimwipe so they do not rattle in the rack and thus possibly mix the
gradients after pouring.

4. Adjust the gradient maker to about 0.5 cm above the stirplate. The gradient maker
should be level or very slightly sloped down to the right (output side). If the
gradient maker is too close to the stirplate it will be difficult to turn the stopcocks.

5. Remove the micro-stirbar from storage in ethanol (using a stirbar retriever), rinse
it carefully with deionized water, and dry it in a small Kimwipe. Place the stirbar
in the right side chamber of the gradient maker.

6. Close the stopcocks of the gradient maker by turning them to the “up” position.
Select a new 100-µL Corning Pyrex disposable micropipet. Check the top of the
pipet for cracks or breaks that may break off or damage the micropipet holder.

7. Carefully place the pipet into the holder, pushing upwards and giving it a small
twist once it is in. Be careful not to break off the pipet. Direct the pipet into a
glass beaker to catch the rinsing solutions.

3.4.1.3. CLEANING/RINSING THE GRADIENT MAKER

(BEFORE MAKING EACH TSF GRADIENT)

1. Place 4 mL of 1XS in the left chamber.
2. Open the left stopcock to allow the fluid to flow to the right chamber (see Note 21).
3. Turn on the stirplate and adjust the speed so that the stirbar turns freely as rapidly

as possible without hitting the chamber sides.
4. Use a 5- or 10-mL plastic syringe a short segment of large-bore Tygon tubing over

the end (see Subheading 2.2.2.1.) to force the fluid back and forth to clear air bubbles
in the connecting tube between the chambers by placing it into the top of the left
chamber and pushing the plunger up and down rapidly until all air bubbles have
cleared the connection. Do not do this so forcibly that the fluid is pushed all the way
through to the right side and even more air becomes trapped in the connection.

5. Open the right stopcock. If the solution does not begin to flow use the syringe–
Tygon device as before, but place a finger tightly over the right chamber and at
the same time push the fluid into and down the pouring tube until it flows out the
end. Be careful not to introduce air bubbles into the connecting tube.
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6. Close the right stopcock when the top of the meniscus in the left chamber reaches
the top of the connecting tube between the chambers. Then close the left stopcock.

7. Carefully add 2 mL of 1XS into the left chamber.
8. Place 2 mL of 1XU in the right chamber.
9. Turn up the stirring speed, but be sure the stirbar is not bouncing off the sides.

Adjust the position of the stirplate if necessary. Open the right stopcock.
10. When the solution nears the bottom of the right chamber (just before the menis-

cus travels through the channel), close the stopcock and fill it again with 2 mL of
buffer. Do this three times. Be very careful that the level never goes low enough
to let air into the output tubing. If, when pouring a gradient, even a single air
bubble gets through the pouring apparatus and rises to the surface of the density
gradient tube during pouring, the gradient is useless and must be repoured.

11. After adding the final 2 mL, turn the stirring speed down substantially and close
the right stopcock as the meniscus top just falls to the upper level of the pouring
tube exit. Be sure no air bubbles have entered into the pouring exit tube.

12. Fill the right chamber with 2 mL of 1XU. Turn the stirring speed back up to its
previous level.

13. Slowly remove the pouring tube from the right side of the gradient maker. Avoid
getting air bubbles trapped in the pouring tube connector.

14. Use a compressed air canister to blow through the tubing to force all the liquid
out until no more drops fall from the glass capillary tube. Make sure water is not
trapped at the tubing junctions.

15. Remove and discard the glass capillary and replace it with a new one.
16. Reconnect the pouring tube; the fluid should extrude a short distance into the

pouring tubing with no trapped air bubbles.

3.4.1.4. PREPARING THE LIPOSOMES

1. Gently vortex-mix the tube containing the liposomes.
2. Remove 50–200 µL of liposomes and place into a microcentrifuge (e.g.,

Eppendorf) tube.
3. Place the tube into the 37°C water bath.

3.4.1.5. POURING THE GRADIENT

1. Remove the waste beaker and place a centrifuge tube in a rack into position.
Advance the micrometer so the glass capillary just touches the middle of the
bottom of the centrifuge tube. Adjust the micrometer so that the end of the capil-
lary is just off the bottom of the tube.

2. Slowly open the left stopcock until it is horizontal to the left. Wait a few moments
for the solutions to settle to equilibrium levels.

3. Now very slowly and evenly open the right stopcock. At some point fluid will
begin to flow into the polyethylene pouring tube toward the centrifuge tube.
Adjustment of the flow rate is critical, and difficult to control. The rate of flow
will tend to be either too fast or too slow. For maximal control the best way to
turn the stopcock is with an even pressure from your wrist. Do not try to turn
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the stopcock by discrete amounts—this is virtually impossible. Turn as if the
motion is going to be smooth and continuous; do not stop turning until the correct
flow rate is achieved and, only then, let up on the turning pressure from your
wrist (see Note 22).

4. As the meniscus flows down the polyethylene tube toward the centrifuge tube,
the flow rate will increase. Be prepared to adjust the right stopcock to lessen the
flow rate as this occurs. Use the gentle but firm pressure from the wrist as
described previously. Make the last check on flow rate as the fluid falls through
the glass capillary pipet. At this point any adjustment must be made quickly.
Once the centrifuge tube has begun to fill it is not practical to adjust the flow rate
without risking mixing and ruining the gradients (see Note 23).

5. With practice it should take about 45 min to pour six gradients. The rate can be
monitored by checking for observable schlieren patterns in the right chamber of
the gradient maker. If they are visible, the flow rate is too high (see Note 24).

6. The flow should be stopped when the fluid has flowed out of both chambers and
is down to the level of the bubble trap. Stop the flow by turning off the right
stopcock.

7. Using the micrometer, slowly raise the glass capillary out of the tube. Be careful not
to cause gradient mixing by sudden movements. Particularly avoid vertical bumps.

8. When a gradient is completed, remove it from the test tube rack and place it in a
37°C water bath while the next gradient is poured. Rinse the gradient as described
in Subheading 3.4.1.3. between each gradient.

9. After all the gradients are poured, adjust their fluid levels with a long Pasteur
pipet. Use a clean pipet for each tube to avoid dropping heavier fluid into the gradi-
ent. Use the least-filled gradient as a guide and take the volumes of the others
down to the same level. Be sure that the levels are exactly the same or the
ultracentrifuge rotor will be unbalanced. The gradients are ready to have the
liposomes applied to them and centrifuged.

3.4.2. Applying the Liposomes to the TSF Gradient

Remove 50–200 µL of liposomes from the tube in the 37°C water bath and
gently layer onto the top of each gradient. All tubes must have exactly the same
amount added so that the tubes balance.

3.4.3. TSF Centrifugation

Observing the usual precautions about balancing of tubes and good rotor
practice, place the TSF tubes into the rotor buckets. Be particularly careful to
avoid vertical shocks to the tubes (especially while putting the rotor on the
ultracentrifuge spindle)—these are the most damaging to the gradients. Set the
centrifuge controls for slow startup, and for minimal braking (braking should
cut out below 800 and 1000 rpm).

Smooth transition of the buckets from vertical to horizontal and back should
be confirmed with the machine in zonal mode with the door open for inspec-
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tion of startup and stop (see Note 25). Centrifuge gradients at 300,000g (50K
rpm in Sorvall TST 60.4 swinging bucket rotor). At 37°C the bands should be
adequately separated in 2–3 h (see Note 26).

3.4.4. Cleaning the Gradient Maker (Typically Done After the TSF Tubes
are Set Spinning)

1. Place a waste-water beaker underneath the pipet.
2. Pour distilled water into both compartments of the gradient maker. Fill them all

the way up to the top and let water drain out through the pipet several times.
3. Disconnect the connecting tube and dry it using clean compressed air.
4. Remove the gradient maker from the ringstand and rinse it thoroughly in the sink

using the distilled water.
5. Place the gradient maker back onto the ringstand and hang it upside down to

allow water to drip out as it dries.

3.5. Analysis of TSF Gradients

3.5.1. Inspection of TSF Results

1. Remove the stopped rotor from the centrifuge, being careful not to disrupt the
gradients.

2. Remove the TSF tubes and view them in the Viewing Apparatus described previ-
ously (see Subheading 2.2.2.3. and Fig. 2).

3. Put the TSF tube into place (by sliding it through the holder). Be careful not to let
it bump on the table when lowering it into place.

4. Position the green (no. 58) Wratten filter above the tube.
5. Place the red (no. 23A) Wratten filter in front of the test tube holder.
6. Make the room completely dark and turn on the fiberoptic lamp.
7. Locate the bands, being careful to distinguish them from circular scratches on the

outside of the centrifuge tube.
8. Typically, after a centrifugation of 2–3 h the band of liposomes without func-

tional channels will be 3–6 mm into the gradient (see Note 27). This band
will be somewhat diffuse (due to the distribution of sizes of the liposomes). If
the liposomes have not entered the gradient, the TSF was not successful (see
Note 28).

9. The band of liposomes with functional channels will be 8–10 mm below the band
of liposomes without channels. This band should be much tighter than the one
above it (see Notes 29 and 30).

10. Place the Wratten filters back into their envelopes (the UV light from the room
lamps will photobleach them) (see Note 31).

3.5.2. Recovery of Bands

1. Place a long Pasteur pipet onto the end of the Syringe–Tygon Tubing device.
2. Carefully place the pipet into the tube, stopping just above the lower band. Care-

fully remove the entire band, and save it in an Eppendorf tube. The validity of
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results depends on the efficiency and reproducibility of this procedure. Collec-
tion of the band should be a slow as possible and practical. The flow into the
pipet will come from solution layers at and below the tip. Therefore to quantita-
tively recover the band in the smallest volume it is best to position the pipet tip
just at or above the upper edge of the band. As the collection proceeds the band
will thin until it is only visible when viewed exactly edge-on. At this point, while
continuing to collect, move the pipet tip slightly up and down in the immediate
vicinity of the last visible band to ensure complete collection. Before attempting
this step on experimental tubes, the investigator must characterize his or her
accuracy and reproducibility in collecting bands from multiple identically loaded
tubes in the same TSF spin. Without such characterization, it is easy to unknow-
ingly generate substantial and inconsistent errors.

3. Repeat for the upper band.

3.5.3. Measurement of Tracer Retention

For each recovered band, relative lipid amounts are determined by measure-
ment of fluorescence (560 nm excitation, 590 nm emission) of the rhodamine-PE
label in the bulk lipid phase and normalized to the volume in which the band was
recovered. Retention of tracer can then be expressed on a per-liposome basis for
each population of liposomes. The ratio of tracer to lipid in the upper band (com-
posed of liposomes without functional channels) is an internal control for the
amount of tracer loaded per liposome and for loss of tracer not due to channel
activity. Comparison of this ratio with that of the lower band reveals whether the
tracer is permeable through the functional channels.

3.5.3.1. SPECIAL CONSIDERATIONS FOR RADIOACTIVE TRACERS

Due to the low efficiency of liposome loading with tracer, TSF experiments
will often yield low levels of radiolabel. Because of this, extra care must be taken
to obtain statistically meaningful data, and the highest available specific nuclide
activities should be used. In our experience the following protocol is optimal:
The recovered bands are added to 5 mL of liquid scintillation cocktail (Ultima
Gold, Packard), thoroughly mixed by vortex-mixing, and the activities measured
in a liquid scintillation counter (counting window 0–18.6 keV). A blank control
consisting of 0.75 mL of aqueous buffer and 5 mL of Ultima Gold is counted
between each sample. Counting times are long enough to ensure that the
Student’s t-tests of net counting rates are significantly greater than background
at the 95% confidence level. Counting rates are corrected for quench (external
standards method) and background. The minimum detectable activity, the net
signal that can be detected at the 95% confidence level, is approximately given
by 8N/t where N is the background noise (cpm) and t is the maximum counting
time (min) (13).
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Quench correction is made by measuring the relative activities of a series of
uniform, traceable standards quenched to various degrees with nitromethane. The
calculated counting efficiencies (%) are plotted against the transformed spectral
index of the external 137Cs standard (tSIE) for each quenched sample in the series
and the data are fit by a second-degree polynomial using a nonlinear least squares
fit. Quenching correction of the data sets is made from the tSIE value reported for
each sample. In addition, verification of direct measurements in dpm using a TriCarb
2250CA liquid scintillation counter (low background model, using preprogrammed
Ultima Gold quench data from standards prepared by Packard) are made by
comparison of data with the manual quench correction method outlined above.

4. Notes
1. The fundamentals of this technique were developed and first published by Goldin

and Rhoden (14).
2. The change in density of the liposomes and their separation on the basis of density

occurs simultaneously in the TSF gradient. This occurs because the osmolyte
exchange of the liposomal entrapped volume is very rapid compared with the
movement of the liposome in the density gradient. TSF fractionates a set of
liposomes into two populations—one that contains functional channels permeable
to a given osmolyte and one that does not contain such channels. When the solute
used is relatively small (sucrose, in the present protocol), TSF is also a way to
assess the fraction of liposomes that contain channels that can open. Thus, in
addition to its uses in permeability studies as outlined in this chapter, TSF can be
used to explore the modulation of channel activity (15–17).

3. The osmolality of the 1XU and 1XS buffers must be confirmed to be 500 ±5 mOsm/kg.
Since the pKa of HEPES is temperature sensitive, the pH of the solutions must be
adjusted at the temperature at which permeability is measured, typically 37°C.

4. There is nothing special about this particular lipid mixture. Essentially the same
results are found with azolectin but reconstruction efficiency is poor in pure PC.
However, use of defined lipids permits control over the lipid environment.

5. Lipid stocks are kept in glass tubes with Teflon-lined caps.
6. Tubes from some suppliers have a hydrophilic residue not removed by methanol.

This is evident from inspection of the tube following the methanol rinse. These
tubes must be rinsed with double-distilled water prior to use of the progressively
less polar solvents.

7. Argon is used rather than nitrogen because it is more dense than air and so tends
to remain in open tubes.

8. Use a small rotary oil-filled pump with an in-line vacuum filter. It should not be
left running to the point that a limiting vacuum is reached because then oil vapor
can diffuse back into the desiccator and contaminate the dried lipids.

9. If column runs dry, the gel must be removed to fresh 1XU buffer and completely
degassed before repouring the column. The column will then need to be stripped
with octylglucoside immediately to remove the lipid/protein.
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10. If the column runs for an excessive period, the equilibration lipid will eventually
wash off. Also, interrupting the flow by stopping the pump will cause the gel bed
to expand as the pressure differential on the column dissipates. This can cause
unreproducible reconstitution conditions and entrapment of air in the gel matrix.

11. Connexin concentration can be estimated from immunostained Western blots calibrated
to a protein assay. However, it is difficult to calibrate a connexin sample because
connexin is stained anomalously by most protein assays—calibration against known
quantities of other proteins are usually artifactual. In addition, in our experience all dye-
binding assays are inaccurate by up to an order of magnitude in the presence of
octylglucoside, urea or sucrose, in spite of manufacturers’ claims to the contrary.

To determine connexin concentration, connexin is quantitatively extracted
from the sample, eliminating the lipid, detergent and aqueous solutes that inter-
fere with protein determination. This is achieved using a methanol–chloroform
extraction (18). The protein sample can then be assayed by the o-phthalaldehyde
(OPA; Pierce) fluorescence protein assay, in which the signal depends only on
the type and amount of each amino acid present.

One approach is to hydrolyze the connexin into the constituent amino acids
and apply the OPA assay to the product. A calibration curve is generated by
applying the OPA assay to a stoichiometric mixture of individual amino acids
corresponding to the composition of the connexin being assayed. To avoid doing
a hydrolysis for each determination, a standard curve can be generated relating
the OPA signals from the mixture of amino acids with those from intact polypep-
tides (the signal is lower from the intact peptides). Subsequently, the OPA assay
can be performed directly on the intact connexin. An alternative to assembling a
standard of known amino acids is to determine the connexin concentration by
commercial quantitative amino acid analysis. The mixture of amino acids is use-
ful as a permanent and invariant standard for calibration the OPA signal across
subsequent purifications.

Once a standard connexin sample has been characterized, it can be Western
blotted and immunostained. For connexin32, in our experience immunostains
with monoclonal M12.13 primary antibody (19) and secondary alkaline phos-
phatase conjugate are reasonably linear between 0.5 and 10 ng per monomer band
on PVDF membrane (the membrane saturates at higher levels). One can obtain a
rough idea of connexin concentrations by inspection of immunostained blots.

12. The volumes given are for a final volume of 100 µL to be added to the 0.7 × 20 cm
column. This can be scaled up to as much as 400 µL if a 1.5 × 20 cm column is used.

13. This entire step is the most crucial for successful and reproducible reconstitutions.
It should be practiced several times with buffer alone to learn how to do it without
running the top of the column dry. The pump should not be turned off at any time
during this procedure because of the swelling of the bead bed that will result.

14. When the pump is not in use, the pressure heads on the silicone rubber pump
tubing should be released to keep the tubing from being flattened and chang-
ing the nominal flow rate. Follow pump manufacturer’s suggestions for replacing
this tubing on a regular schedule or reconstitution conditions will become variable.
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It is important to rinse the post-column tubing and fraction collectors with 95%
ethanol weekly to remove buildup of lipid, protein, and detergent—especially at
the fraction collector head outlet where buffer components tend to crystallize.

15. Excessively oxidized lipid is difficult to remove by this method and, in this case,
the entire gel needs to be replaced.

16. For long-term storage the column should be infused with 1XU buffer (which
contains 0.02% sodium azide). It is also important that the temperature be stable,
and monitored with a recording thermometer. If the temperature varies by more
than 1°C, the gel should be degassed.

17. An alternative is to load the liposomes with tracers during liposome formation. In
this procedure, tracer is included in the liposome-forming solution and in
the liposome-forming column. As the liposomes form the tracer is entrapped
(cf. ref. 3). However, this method is wasteful of the tracer compounds, unless the
unentrapped tracer can be recovered from the column eluent.

18. The high salt removes weakly bound residual tracer from the agarose.
19. With repeated tracer trappings these peaks tend to move together. If this occurs,

the column must be stripped with 160 mM octylglucoside (see Subheading
3.2.4.) and then rinsed, pre-equilibrated, and calibrated as described in Subhead-
ings 3.3.2. and 3.3.3.).

20. Trapping is more efficient when the liposomes are concentrated. This is possible to
achieve using 100-kDa cutoff UltraFree-MC cartridges (Millipore) at no greater
than 3000–4000 rpm (lipid concentration up to about 3 mg/mL can be obtained).

21. Whenever turning the stopcocks, stabilize the gradient maker with the other hand.
22. Occasionally a gradient does not begin flowing. This may occur if there is an air

bubble in the connecting tubes within the gradient maker. If this happens, close
the left stopcock, carefully cover the right chamber with the fleshy part of an
index finger and push up and down to begin the flow. As soon as flow begins turn
off the right stopcock. Open the left stopcock and wait a few moments for the
levels to equilibrate and the solutions to mix uniformly in the right chamber, then
attempt pouring again by slowly opening the right stopcock, etc.

23. Occasionally the gradient stops flowing in mid-pour. If this happens, very care-
fully open the stopcock while looking at the centrifuge tube level—at first the
rate will be too fast and the stopcock will have to be adjusted rapidly. This must
be done without either filling too quickly or jockeying the level in the tube—if
either happens one must toss out the tube and start over.

24. There can be no air bubbles in the gradients. Tiny air bubbles that do make it
through the tubing are caught in the bubble trap which consists of a larger piece
of Tygon tubing on the pourer head unit above the capillary.

25. This transition is critical. Sometimes bucket seatings can wear so that the reori-
entation is defective.

26. TSF centrifugations can be done at lower temperatures, but the time required for
separation of the bands is longer. For example, at 4°C 10–12 h are required.
Control studies have shown that the temperature does not affect the final result
with regard to connexin channel permeability or activity.
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27. During centrifugation the upper band continues to descend at a slow rate (due to
the permeability of unmodified liposome membrane to urea and sucrose). After
many hours (>24 h) it will eventually merge with the lower band.

28. This may occur for any of several reasons. Usually it indicates that one of the
solutions was made incorrectly so that either the liposome-containing solution or
liposomes are not dense enough to enter the gradient, or the gradient-forming
solutions are too dense or viscous.

29. One may be tempted to estimate the fractional amount of the liposomes that are
in the lower band, but this cannot be done by eye with any accuracy. The bands
must be removed and the fluorescence measured.

30. If it is desired to take a photograph of the TSF bands, or to optimize visualization
of them, make the following modifications to the Viewing Apparatus: To colli-
mate the light illuminating the TSF tube, an opaque mask should be placed on the
Lucite holder, with a hole permitting light to enter the Lucite only above the hole
in which the TSF tube sits. The green filter can be placed on top of this mask.
Collimating the beam minimizes the internal reflections from the TSF tube sides
and boosts the signal/noise ratio. The distance between the fiberoptic lens and the
TSF should be 20–30 cm. To keep stray light from hitting the TSF tube, an opaque
tube (e.g., the cardboard core from a roll of paper towels) should enclose the light
path from the fiberoptic lens down to the filter/mask/Lucite assembly.

31. If sucrose is spilled onto the filters, they can be cleaned with distilled water and a
piece of lens cleaning paper. Do not use organic solvents such as ethanol.
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Inducing De Novo Formation
of Gap Junction Channels

Feliksas F. Bukauskas

1. Introduction
Intercellular gap junction (GJ) channels arise from the association of two

hemichannels, a hexameric assembly of connexin membrane proteins, between
two cells (for review, see refs. 1,2). Connexins have the shortest half-lives
of all known membrane channel proteins, approx 2–3 h, and consequently
GJ channel formation and turnover is believed to be relatively fast (for review,
see ref. 3).

Here we describe an induction method for the de novo formation of gap
junction channels where coupling is observed by manipulating two individual
cells into physical contact while recording the onset of electrical cell–cell coup-
ling. This induction approach has been used to couple Xenopus blastulae (4),
Xenopus myoballs (5,6), rat myocytes (7), and insect cells (8,9). We have
refined and extended this technique to mammalian cells transfected with
connexins (10,11).

The formation of a functional GJ channel is a complex and multistage pro-
cess. It is believed that the initial step in GJ formation is the establishment of a
close juxtapositioning of the membranes in the junctional contact area, medi-
ated by adhesion molecules (12,13). Subsequent steps are likely to include
recruitment of hemichannels to the contact area, alignment and docking of
apposed hemichannels, the formation of a high-resistance seal isolating the
channel pore from the extracellular space, and finally channel pore opening.
The effective assembly of two hemichannels and insulation of the channel pore
from the external medium is accomplished by electrostatic and hydrophobic
noncovalent interactions between the E1 and E2 extracellular loops of the appos-
ing hemichannels (14).
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Experiments with spontaneously preformed cell pairs has been the standard
approach for examining cell–cell coupling for almost two decades, examining
many different aspects of GJ channel regulation and gating at the macroscopic
(many functional channels) and single channel levels. Usually, cell–cell coup-
ling consists of hundreds of individual GJ channels arranged in junctional
plaques (15). In order to render cell pairs suitable for single channel analysis,
the number of functional channels must be reduced. A widely used experimen-
tal approach consists of exposing the cells to submaximal doses of uncoupling
agents, such as long-chain alkanols (16), arachidonic acid (17), etc. These treat-
ments, however, may affect the parameters under investigation, for example,
the single channel conductance and/or the open channel probability. These
experimental limitations can be overcome by inducing two single cells into
contact and analyzing initial events of de novo GJ channel formation. In most
of our experiments, the period between the first and second channel formation
lasts for minutes, which is more than adequate for single channel analysis.

The de novo GJ channel formation method, however, is more complex than
the traditional technique, in that it involves additional steps and requires some
experience in establishing contact between two individual cells. This method
allows for junctional current analysis during the first GJ channel pore opening
and for continuous single channel conductance measurements without the appli-
cation of uncoupling factors and for the formation of heterotypic junctions with-
out preloading cells with dye. We have used this technique on insect cell lines
from Aedes albobopictus (cell line C6/36) (18) and Spodoptera fruigiperda (cell
line Sf9) (19); on mammalian cell lines such as N2A (mouse neuroblastoma cell
line, ATCC No. CCL-131), HeLa (human cervix carcinoma cell line, ATCC No.
CCL-2), and RIN (rat islet tumor cell line, ATCC No. CRL-2057) cells trans-
fected with different connexins (10,11); on a Novikoff hepatoma cell line (ATCC
No. CRL-1604) endogenously expressing connexin43 (Cx43), on primary cul-
tures of myocytes from neonatal rat heart (20) and Schwann cells from sciatic
nerve of newborn rats (21). We have observed that the lag time for the first GJ
channel formation in mammalian cells is measured in tens of minutes (11), and
in few minutes for insect cells lines (C6/36 and Sf9) (18). Lag times on the order
of seconds were observed in primary cultures of insect hemocytes from Periplan-
eta americana (22) and epidermal cells from Tenebrio molitor (8). Interestingly,
in all cell types, after first channel opening coupling conductance (gj) most often
increases relatively rapidly and in a single sigmoidal fashion (18). Presumably,
de novo channel openings are proceeding the formation of junctional plaque,
rather than docking of individual hemichannels. We attribute de novo channel
opening to a special type of gating with slow channel opening kinetics (transition
time takes up to tens of milliseconds) resembling a chemical- and Vm-sensitive
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gating (18). The rapid single sigmoidal gj rise suggests that this process occurs
inside one plaque and, presumably, is cooperative.

2. Materials

2.1. Solutions

1. Ringer–Krebs solution for the perfusion of cells during the experimental proce-
dure: 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, 2 mM
pyruvate and 5 mM N-(2-hydroxyethyl) piperazine-N'-2-ethanesulfonic acid
(HEPES), pH 7.4.

2. Patch pipet solution. Pipets for whole cell voltage clamping are filled with differ-
ent pipet solutions depending on the purpose of the experiment. The standard
pipet solution consists of: 130 mM KCl, 10 mM NaCl, 1 mM MgCl2, 3 mM
MgATP, 1.4 mM CaCl2, 5 mM EGTA, pCa ~7.5, and 5 mM HEPES, pH 7.2,
filtered through 0.22-µm pores. For ionic permeability measurements, we use
pipet solutions where the principal ions of the standard pipet solution, K+ and Cl–,
are exchanged for cations and anions of differing size and molecular weight.

3. Solution for cell detachment from coverslips contained: 140 mM NaCl, 4 mM
KCl, 1 mM MgCl2, 5 mM EDTA, 5 mM glucose, 2 mM pyruvate, and 5 mM
HEPES, pH 7.4.

2.2. Apparatus

2.2.1. Experimental Chamber

A schematic view of the experimental chamber is presented in Fig. 1. The
experimental chamber is made of Perspex and contains three compartments.
The coverslips are placed in the central compartment which has a thin glass
bottom of about 100–200 µm thickness. Experiments for the induction of homo-
typic or heterotypic junctions require one and two coverslips, respectively. The
central compartment has an inflow channel and is connected to the outflow
reservoir. To prevent all possible mechanical microvibrations from the waves
on the surface of the solution, created by the suction, the central chamber and
outflow reservoir are connected through a relatively long and wide U-shaped
channel. An outflow reservoir is connected through an agar bridge to the
reservoir for the pipet solution. The former contains an Ag/AgCl electrode
contact for the connection to the reference electrode of the clamp amplifier.
The experimental chamber is mounted on the stage of an inverted microscope
equipped with phase contrast optics (Olympus IX70).

2.2.2. Pipet Holders

For cell patching and double-voltage-clamp experiments, we use standard
pipet holders from Axon Instruments (HL-1). For detachment of cells from the
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coverslip, we use homemade pipet holders which allows us to create a local
solution stream within the bulk perfusion of the whole chamber. This local
solution stream is used to ensure gentle washout of individual cells from the
coverslips and for their local perfusion with different solutions. A schematic
view of this pipet holder is shown in Fig. 2. The pipet and thin inflow tube are
inserted into the holder and sealed with resin rings. The solution in the pipet
can be changed through the inflow tube which is connected to a reservoir of
control or test solutions by hydrostatic pressure. By applying positive pressure
through the connection on the right side of the pipet holder (see Fig. 2) we are
able to create a local stream of the solution going out from the tip of the pipet.
To prevent back flow of the solution through the microtube, we use an elec-
tronically regulated microvalve with remote control.

2.2.3. Patch Pipets

Patch pipets are pulled from glass capillary tubes with filaments (cat. no.
7052, A-M Systems) using a horizontal puller, Model P-97 (Sutter Instruments,
USA). The pipets routinely have resistances of –5 M (tip size ~2 µm). The
pipets are filled with the appropriate pipet solution, immediately before use.

2.2.4. Pipets for Local Solution Streaming

These pipets have a tip diameter of about 5–10 µm and are made with the
same horizontal puller and from the same glass as the patch pipets. The pipets

Fig. 1. Schematic view of an experimental chamber. Continuous arrows show
perfusion solution flow.
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are filled with Ringer–Krebs solution. We use these pipets for detaching cells
from coverslips and for local perfusion of cell pairs.

2.2.5. Heating-Cooling System

It is critical to allow cell–cell channel formation to occur at temperatures as
close as possible to physiological conditions. We employ a custom made
device, based on using a Peltier element (see Heating–cooling device in Fig. 1),
that allows us to change the temperature of the perfusion solution in the range
of 2–40°C. We constructed a sandwich-like system from the following three
components: (1) a thermostat made from a thin rectangular metal box (–40 ×
40 × 4 mm) which is perfused from inside by water thus keeping the tempera-
ture constant at one side of the Peltier element; (2) a Peltier element connected
by two wires to the DC power supply (about 3 amp is required); and (3) a
Perspex rectangular box (30 × 30 × 3 mm) containing a zigzag form channel, to
maximize the surface area in contact with the Peltier element, and connected to
the outside by two outputs; for the inflow and outflow of the perfusion solution.
The temperature of the outflow depends on the amplitude and direction of the
current through the Peltier element. At extreme currents, ice formation can
stop the solution flow or damage the chamber when the temperature becomes

Fig. 2. Schematic view of a pipet holder for creation of a local solution stream.
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too high. By using feedback control of the current through the Peltier element,
the temperature in the experimental chamber can be automatically regulated.

2.2.6. Temperature Control

The temperature in the experimental chamber is not uniform and it is, there-
fore, important to measure the temperature as close as possible (0.5 mm or
less) to the cells. The diameter of the temperature probe must be minimal to
allow for such precise local measurement. In addition, the temperature probe
can be influenced by the surrounding air temperature, through the wires which
connect it to the measuring device, and their diameter should be minimal. We
have tested different temperature probes and are currently using a thermocouple
probe with a diameter of about 0.1 mm from Cole-Parmer.

We have empirically determined that physiological temperatures are impor-
tant for gap junction formation; 37°C for mammalian cells and 27°C for insect
cells (e.g., C6/36 and SL9 cell lines). Interestingly, it has been demonstrated
that channel formation can occur even at 4°C in reaggregated Novikoff
hepatoma cells (15). Our data indicate that hypothermia causes an increase in
the lag time of the first channel formation and slows down the subsequent rise
in junctional conductance. In addition, temperature strongly affects single chan-
nel conductance with a Q10 of 1.25 (11,23).

2.2.7. Setup for Electrical Recordings

1. Two amplifiers for whole cell recordings, Axopatch-1D (Axon Instruments, Fos-
ter City, USA).

2. Digital Data Recorder VR-100 (Instrutech, USA).
3. Low-Pass Bessel Filter 8 Pole (Warner Instrument, USA).
4. A/D converter with at least four input channels for signals and two output chan-

nels for stimulus (e.g., TL-1, Axon Instruments).
5. Data acquisition software and computer. Any version of pClamp (Axon Instru-

ments) that runs on IBM compatible computers. It is advisable to consult a repre-
sentative in the Technical Assistance Department at Axon Instruments to ensure
compatibility of hardware and software.

6. Data analysis is performed using Pclamp software (Axon Instruments) and Sigma
Plot (Jandel Corporation).

3. Method
The induction of de novo GJ channel formation involves aspects of cell

biology, electrophysiology, and certain technically sensitive procedures. In
brief, the method is based on the patching of two individual cells with two
patch pipets and then bringing them into contact. This procedure involves plat-
ing cells on coverslips, their transfer to the experimental chamber, the identifi-
cation of cells most suitable for GJ channel formation, cell detachment from
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the coverslip, whole cell voltage clamp patching of two individual cells at two
different holding potentials, bringing these cells into contact and monitoring
junctional current during de novo channel formation. Our empirical findings
show that cells, that do not adhere to the glass coverslips or to multiwell plastic
dishes do not exhibit GJ channel formation or at best do so inconsistently.
Cells that exhibit adhesive properties usually show a GJ channel formation rate
dependent on connexin type and expression level. Our preliminary data indi-
cate that in HeLa cell transfectants, Cx43 GJ formation rate is more efficient
than that of Cx46. We have determined that this discrepancy is not due to
expression levels, as in spontaneously preformed HeLa cell pairs of both
transfectants, grown under identical conditions, coupling conductance was
similar. Interestingly, Cx43–Cx46 heterotypic junctions, show similar rates of
de novo GJ channel formation as Cx43 homotypic junctions.

Different cell types possess different abilities to form GJ channels. For
example, HeLa cell transfectants are more reliable than N2A cells for these gap
junction channel formation experiments. There is an essential difference in the
time required for GJ channel formation between invertebrate and mammalian
cells. After manipulating two insect cells into contact, the lag time until the first
GJ channel opening is on the order of tens of seconds (8,22) to a few minutes
(18), while the time required for mammalian cells is tens of minutes (11).

Below, we will elaborate on these individual steps.

3.1. Cell Culture Conditions

Standard cell culture methods are used for all cell types. Usually, we pas-
sage the cells in multiwell culture dishes on square no. 1 coverslips (Clay
Adams, USA) at a density of 1 – 2 × 105 cells/cm2, which allows us to select
individual cells for the coupling procedure. The optimal experimental time after
cell passage depends on the cell type. For almost all cell lines we have tested,
for example, HeLa, N2A, and RIN, transfected with different connexins, we
found it to be optimal to perform the experiments on the second and third days
after passage. The experiments on freshly isolated myocytes from neonatal rat
heart, however, are conducted on the same day, 6–8 h after cell passage. After
2 d in culture, myocytes are so strongly adherent to the coverslips that it was
difficult to separate them without damage. Other cells, such as freshly isolated
fibroblast or Schwann cells from sciatic nerve of newborn rats, change they
morphology with time, becoming very flat or projecting processes that makes
their detachment from the glass coverslips nearly impossible. These cells
should be used for experimentation on the first or second day after passage. We
have found that insect cells from Aedes albobopictus (cell line C6/36) and
Spodoptera fruigiperda (cell line Sf9) can be effectively detached 1–5 d after
passage (9,18,19). If cells are too strongly attached to the coverslips they can
be pretreated with a low Ca/Mg solution which weakens cell adhesion to the glass.
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3.2. Induction of Cell–Cell Coupling

3.2.1. Mechanical Detachment of Cells from the Coverslips

The tissue culture coverslips are transferred to the central compartment of
the experimental chamber (see Fig. 1) mounted on the stage of an inverted
microscope that is equipped with phase-contrast optics. It is recommended that
the transfer of coverslips be done as quickly as possible, while maintaining
them in a horizontal position, since exposure of the cells to the air leads to cell
lysis. Once individual cells are selected, the gentle flow of the local stream of
Ringer–Krebs solution through the perfusion pipet is used to detach them from
the coverslip. It should be emphasized that the flow intensity of the stream
must be minimal to avoid mechanical cell damage. This cell separation proce-
dure should be carried out slowly with maximum caution. Once the cell(s) is
detached, we allow 1–2 min for cell recovery and visually evaluate the integ-
rity of cell morphology. Damaged cells are usually more transparent than are
viable cells when viewed by phase-contrast microscopy. In, addition, we have
observed that damaged cells lose the ability to reattach to the coverslip, which
is not true for viable cells. This is easy to assess by allowing the cells to recover
for a few minutes and then reapplying the local stream.

3.2.2. Chemical Detachment of Cells from Coverslips

Cell lines differ in their ability to adhere to coverslips. For example, N2A
and RIN cells have a rounder shape than HeLa cells when they are adherent to
the coverslips and are relatively easier to separate by the gentle flow of the
local stream. HeLa cells, however, are the cells of choice for GJ channel for-
mation experiments, because they are easy to patch, have a relatively low level
of nonjunctional current and at present they are one of the most reliable cell
lines used for stable transfection with different connexins (24). If the cells are
too strongly attached to the coverslips, we pretreat them for 5 min with a low
Ca/Mg Krebs–Ringer solution, which is an established method for cell disso-
ciation (15). After pretreatment with the low Ca/Mg Krebs–Ringer solution the
cells start to retract taking on a rounder shape. The experimental chamber is
then washed with control Krebs–Ringer solution and the local stream is applied
to completely detach the cells from the coverslip.

3.2.3. Providing Cells into Contact

After recovery, the detached cell is patched with a patch-pipet, and after
tight-seal formation whole cell clamp conditions are established. The same
procedure is repeated with the second cell. The cells are mechanically manipu-
lated into contact and are slightly pressed to each other to facilitate the forma-
tion of a cell–cell contact area. The stability of the micromanipulators at this
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stage of the experiment is critical to avoid any additional movement before
the establishment of functional coupling. As described previously, the cells
are believed to establish mechanical coupling through cell–cell adhesion. After the
onset of electrical cell–cell coupling, slight movement of the cells does not have an
effect on junctional conductance. Interestingly, we have observed in insect cell
lines that after the establishment of functional coupling they can be moved away
each from other up to distances of 10–30 µm with formation of thin processes and
yet junctional conductance can still be measured. At greater distances the pro-
cesses are disrupted but usually without changes in the holding current. In three
experiments, we were successful in reestablishing electrical cell–cell coupling up
to five times on the same two insect cells. We have not, however, been successful
in reestablishing cell–cell coupling in mammalian cells after their separation.

3.3. Electrical Measurements

To study de novo channel formation and properties of single gap junction chan-
nels, a dual voltage-clamp method is used which has been previously described in
detail (25). After the establishment of whole-cell patch clamp conditions, mem-
brane potentials of different amplitude (V1, V2) are clamped and nonjunctional
membrane currents (Im1, Im2) are recorded individually for each cell. Subsequent to
the opening of a newly formed GJ channel, the junctional current Ij will change Im1
and Im2 equally in opposite directions, and the total current in both pipets will
be Im1 + Ij and Im2 – Ij, respectively. The junctional conductance is determined
as gj = Ij/(V2 – V1). Our data indicate that during the initial opening of de novo GJ
channels there is no change in Im1 and Im2. This indicates that a tight seal between
two hemichannels must precede channel pore opening. After the first channel
opening, spontaneous channel gating between the open and closed states can be
observed. To evaluate the nonjunctional currents corresponding to the completely
closed state (Ij = 0), we superimposed a voltage pulse, for example, of 50 mV
amplitude and 100 ms duration on the basic holding potential of cell 1 or cell 2. The
completely closed state was evidenced by the absence of an associated current of
opposite polarity in the second cell.

Signals were recorded on videotape and for analysis were filtered at 2 kHz
(8-pole Bessel; –3 dB) and digitized at 5 kHz with an A/D converter. Data acqui-
sition and analysis were performed using Pclamp software and Sigma Plot.

4. Notes
1. The method of de novo GJ channel formation is invaluable for experiments where

precise estimation of Im1 and Im2 at Ij = 0, that is, the closed state, are important.
The short lag time just before the first channel opening provides an ideal window
for such estimations. This has allowed us to show, for the first time, that the
Vj-sensitive gating mechanism does not close the channel completely but to some
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Table 1
Summary of Our Data on Homo- and Heterotypic Junction Formation
(+ or –; see Upper Left Corners) in HeLa Cells Transfected with Mouse (m) or Rat (r) Cxs

Cx26m + (Xo+)
140a

Cx30.3m + (XB+)  (Xo+)
55

Cx32r + (Xo+) + (Xo+)
40–100a 40a

Cx37m +  (Xo+) + (Xo–) + (Xo+)
85–35 140–40 380a

Cx40m – (Xo–) –  (Xo–) + (Xo+) +  (Xo+)
270–210 165a

Cx43r – (Xo–) + (Xo+/–) + (Xo+) –  (Xo–) + (Xo+)
55–40 45–100 110a

Cx45m +  (Xo–) +  (Xo–) +  (Xo+) + (Xo+)
40
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389

Cx46m + (Xo+) +  (Xo+) + (Xo+) +  (Xo–) + (Xo+) + (Xo+)
100–135 70–502 100–30b 110–60b 140b

Cx50m + (Xo+) +  (Xo+) +  (Xo–) +  (Xo–) + (Xo+) + (Xo+)
180–140 200

Cxs Cx26m Cx30.3m Cx32r Cx37m Cx40m Cx43r Cx45m Cx46m Cx50m

Numerical entries represent single GJ channel conductance (g[open]) in pS. For heterotypic GJ channels, g(open) is given at Vj = +100 mV
and Vj = –100 mV, respectively. We define Vj as positive when the cell expressing the connexin indicated in a column is more positive than the
cell expressing connexin shown in a row. In our experiments, g(open) was measured at room temperature (–24°C) or at 36–37°C. All data were
corrected for 24°C by using a temperature coefficient of Q10 = 1.25 (11). It is important to note that g(open) variations of ±30% as reported by
different laboratories are likely due to using different pipet solutions (KCl, Kglutamate or Kaspartate) and in different concentrations, varying
between 120 and 140 mM. (Xo+), (Xo–), or (Xo+/–) summarizes cell–cell coupling formation data in Xenopus oocytes as reported by different
laboratories (28–33); (Xo+/–) indicates inconclusive data.

aData obtained in collaboration with Dr. R. Weingart (10,11,34).
bData obtained in collaboration with Dr. V. Verselis.
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substate (residual state), which is different from the closed state (26). Once two
hemichannels dock and are tightly sealed to prevent current leakage between the
channel pore and the intercellular space (18), the junctional current rises which
indicates the first channel pore opening. Usually this “formation” current is frag-
mented, indicating the existence of some fixed number of substates, and contin-
ues for tens of milliseconds (11,18). The physiological meaning of these substates
is unclear but it is postulated that they are directly related to the multimeric struc-
ture of the GJ channel (12 connexin molecules form the channel). We propose
that the very first GJ channel opening is a special type of gating defined by a
unique connexin conformation (18). For a more precise analysis of substates it is
very important to have low noise records. For this reason we often use different
types of ion channel blockers, such as Cs+, Ba2+, TEA+, Zn2+, etc. In addition, it
is recommended that the length of the pipet tip inserted into the bulk solution be
minimized, by regulating solution outflow level, which substantially reduces the
capacity of the input circuit and, consequently, high-frequency noise.

2. Our technique for de novo channel formation has been successfully applied to
both homo- and heterotypic junction formation and their single channel analysis.
Standard techniques described for heterotypic junction analysis involve loading
one type of cell with dye and co-culturing unloaded and loaded cells for 1–2 d
(24). Thereafter, fluorescent microscopy is used to select mixed cell pairs for
cell-to-cell dye diffusion or electrophysiological analysis. With our technique,
two small coverslips (coverslips can be broken in small pieces) consisting of two
different cell lines are positioned side by side in the experimental chamber. All
free floating or weakly attached cells are washed out by strong bulk perfusion
applied for the first few minutes of the experiment. Then, one cell from one of the
coverslips is detached by using a gentle flow of solution as described previously,
and patched to the pipet with the establishment of whole-cell recording. Then
microscope stage with experimental chamber is moved to focus on other cover-
slip. The same procedure is repeated for the cell from the other coverslip and the
two patched cells are manipulated into physical contact. Utilizing this method,
we have observed formation of heterotypic junctions with two different types of
insect cells, Aedes albobopictus (cell line C6/36) and Spodoptera fruigiperda
(cell line Sf9) (19). HeLa cells transfected with 9 different wild-type connexins
have been observed to form 16 types of heterotypic junctions (e.g., Cx26/32,
Cx43/46, etc.) of 21 tested. Table 1 (see previous page) summarizes our data on
homo- and heterotypic GJ channel formation in HeLa cell transfectants kindly
provided to us by Dr. Willecke. In heterotypic junctions, for example, Cx26/40,
Cx32/40, Cx40/43, etc., there was no GJ channel formation suggesting that these
connexin pairs are not compatible. Most heterotypic junctions exhibit asymmet-
ric gj – Vj dependence. For example, in Cx32/37 junctions this asymmetry is so
high that at Vj = 0 most of the channels are closed. Therefore, gj should be mea-
sured at different Vjs or Vm because GJ channels can be functional but may be
masked by voltage gating mechanisms. Our data on the formation of heterotypic
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GJ channels in HeLa cells for most, but not all, types of heterotypic junctions are
in agreement with the data obtained for Xenopus oocyte cell pairs expressing
different connexins after injection of Cx mRNA (see Xo+ and Xo– in Table 1).
We did however observed the formation of three heterotypic junctions (Cx32/
Cx37 and Cx32/Cx43) which are not been reported to form in Xenopus oocytes.
Compatibility of different connexins in HeLa transfectants as evaluated
by using cell-cell dye diffusion methods have been extensively studied by
Dr. Willecke and colleagues (24,27)
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Recording and Analysis of Putative Direct
Electrical Interactions in the Mammalian Brain

Taufik A. Valiante, Jose L. Perez Velazquez, and Peter L. Carlen

1. Introduction
The concept of electrical transmission in the mammalian central nervous

system (CNS) and its functional implications for normal physiology and path-
ology has generated much controversy. While it was proposed as early as the
mid-19th century that neurotransmission could be electrical and chemical (1),
experimental evidence for chemical neurotransmission obtained by Loewi,
Eccles, Katz, and colleagues (2,3), undermined the concept of electrical cou-
pling. The first evidence for electrical transmission occurred in invertebrate
preparations and was reported almost simultaneously by Watanabe in 1958
(4), and by Furshpan and Potter in 1959 (5), the former venturing that the elec-
trical coupling promoted synchronous firing of neurons. Experimental evidence
for electrical transmission in vertebrates was obtained by Bennett and col-
leagues in 1966–67 (6,7) while working on the supramedullary neurons of the
pufferfish and the motoneurons of the toadfish, where high frequency synchro-
nous contractions of the swim bladder muscle require electrically coupled neu-
rons. Later in 1973, Henri Korn and colleagues found electrical interactions in
mammals (8), and at the same time Baker and Llinas found evidence for elec-
trical transmission in the rat mesencephalic nucleus (9).

Although it now appears that cellular communication in the mammalian
CNS is mostly chemically mediated, the evidence gathered during the past two
decades from many laboratories suggests that electrical interactions through
gap junctions or field effects are relatively abundant. Thus the functional role
of direct electrical interactions in normal mammalian CNS physiology and
pathology (10–13) may be greater than first suspected (14).



396 Valiante et al.

Throughout this chapter we will introduce the reader to a few methods and
tricks we have developed to study what we think represents electrical transmis-
sion, because, as it was half a century ago, the concepts and interpretation of
observations are still very controversial. It has been our feeling that we have
solved few and generated some new questions regarding the nature and impli-
cations of direct electrical interactions and their manifestations in the mamma-
lian CNS. We stress, however, that different explanations to the experiments
we describe here, in different circumstances, may be possible and certainly
demand discrimination and an open mind as to their interpretations.

The best assay to determine electrical transmission involves simultaneous
recording from two coupled neurons, which is not a trivial feat, at least in mam-
malian CNS preparations. Dual simultaneous recordings from clearly coupled
mammalian neurons has been successfully achieved by MacVicar and Dudek
(15), in the rat hippocampus. We describe why this is difficult and present
some alternatives that could help identify coupled neurons (see Note 1). A
classical assay that does not involve dual intracellular recordings is the anti-
dromic test (16,17) , but sometimes the results are very hard to interpret. In any
case, these experiments gathered evidence for small amplitude events, termed
fast prepotentials (FPPs) or spikelets, as manifestations of electrotonic interac-
tions. A continuous debate as to the origin of these spikelets has developed. In
the course of our investigations of gap junctional mechanisms in epilepsy, we
observed spikelets in whole-cell recordings from pyramidal rat neurons in a
variety of conditions (11–13,18). In particular, when neurons are made hyper-
excitable, the frequency of spikelet recordings increased to a reasonable value,
36% of the recordings, as compared with percentages using the antidromic test,
18% (16) or dual recordings (15). As mentioned previously, the nature of these
spikelets is controversial, but we have made some progress showing that they
most likely represent direct electrical interactions and that their origin is exter-
nal to the recorded neuron (unpublished observations), and thus cannot be
attributed to dendritic or calcium spikes (12).

We describe the strategies that favor the appearance of spikelets and the
methods we used to analyze and identify them. This is most important because
some spikelets resemble excitatory postsynaptic potentials, but their sensitiv-
ity to membrane potential clearly separates them. The electrophysiological
recordings involve the use of the patch-clamp technique, which provides rela-
tively clean recordings making it possible to identify spikelets that have ampli-
tudes sometimes on the order of a fraction of a millivolt.

2. Materials
The reagents and equipment mentioned below should be part of the standard

repertoire of most electrophysiological laboratories.
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2.1. Solutions

1. Artificial cerebrospinal fluid (ACSF), this can be any used in your laboratory.
Ours is: 125 mM NaCl, 2.5–5 mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 2 mM
CaCl2, 25 mM NaHCO3, 10 mM glucose; the pH is 7.3–7.4 when the solution is
aerated with 95% O2, 5% CO2. Osmolarity should be 300 ± 5 mOsm.

2. Internal solution for whole-cell patch clamp recordings includes: 150 mM potas-
sium gluconate, 10 mM N-(2-hydroxyethyl) pipcrazine-N'-d-ethanesulfonic acid
(HEPES), 1–2 mM Mg-ATP, 2–5 mM KCl, 0.1 mM EGTA, pH 7.2 adjusted with
KOH, osmolarity 275 ± 5 mOsm.

2.2. Experimental Setup

1. For electrophysiological recordings, brain slices can be placed in any standard
chamber; we have routinely used both interface and submerged type chambers.
The submerged chamber is model PDMI-2, purchased from Medical System. The
temperature should be set around 34–36°C, which is very important if, for
example, epileptiform activity is required. A Faraday cage should surround the
chamber to reduce electrical noise so that fast and small amplitude spikeletes can
be reliably recorded.

2. The neuronal recordings are performed using the whole-cell configuration of the
patch-clamp technique. Patch electrodes can be any standard borosilicate capil-
lary tubing, such as TW150F-4 thin wall with filament sold by World Precision
Instruments (WPI, New Haven, CT). The electrode tip resistance should range
between 4 and 8 M .

3. The amplifiers for the recordings can be any that allow for recordings in both
bridge mode and voltage-clamp, such as the Axoclamp-2A from Axon Instru-
ments (Foster City, CA).

4. Most of the spikelets recordings should be stored on videotape for later playback
and analysis. Therefore a digital data recorder is needed, such as the VR-10 from
Instrutech ( New York).

5. For data acquisition software, we use any version of pClamp (Axon Instruments,
Foster City, CA), which runs on IBM-compatible computers.

6. To reduce electrical noise, a Faraday cage will be necessary surrounding the
vibration-free table on which the chamber and the microscope are placed. Our
micromanipulators used for patching or extracellular recordings are water 3D
manually driven manipulators (Model WR-60) purchased from Narishige Scien-
tific (Japan).

3. Methods
3.1. Electrophysiological Recordings

1. The procedure obviously starts with the preparation of brain slices, 400 µm thick.
We normally used young (17–30 d old) Wistar rats, which are anesthetized with
Fluothane (Ayerst Laboratories, Montreal), and then decapitated. The brains are
removed and transverse (or horizontal) brain slices are obtained using a vibratome
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(Series 1000, Technical Products International). These procedures are carried in
ice-cold ACSF. The slices are then kept at room temperature in a beaker for the
duration of the experiments. In general, any other standard method to prepare
brain slices could in principle be used. Most of our work took place in the hip-
pocampus and cortex of rat brain, but any area of interest can be studied. A pre-
requisite is that neurons can be adequately patched such that recordings are of
relatively low noise and of long duration.

2. We assume that spikelets represent electrically transmitted action potentials
through gap junctions, or field coupling events. Thus, to reliably record spike-
lets, there is an absolute requirement of spontaneous or evoked activity. One
method we used was to bathe hippocampal slices in calcium-free ACSF (with
1 mM EGTA added to eliminate residual calcium), which promotes spontaneous
rhythmic activity recorded as field potential events synchronous with neuronal
bursting (11,12,18). During this epileptiform activity we could record spikelets
in 35% of the patched pyramidal neurons.

3. To visualize spikelets during the recording, which normally are very fast events
lasting 0.5–1 ms, and whose amplitudes are in the range 0.2–5 mV (see Fig. 1),
all that is needed is to set the oscilloscope to relatively short sweep duration. We
have routinely employed sweep durations of 0.5–2 ms with good sensitivity.

4. If calcium-free conditions are not desired, normal ACSF can be used, but
increasing the potassium concentration (5–7 mM) increases the number of action
potentials in response to extracellular stimulation. In ref. 18 and in Fig. 1A some
recordings can be seen in normal ACSF. In these conditions an orthodromic or
antidromic extracellular stimulus is required, and spikelets can be seen riding on
the excitatory postsynaptic potential (EPSP) evoked in the patched cell. The
efficiency of clear spikelet recordings under these conditions is lower than in
calcium-free, approx 20%.

5. It is generally accepted that the amplitude of electrotonically transmitted spikes
should be independent of the membrane potential (Vm) of the cell from which we
record. Thus, to characterize the voltage dependency of spikelets the neuronal
Vm has to be depolarized and hyperpolarized and the spikelet amplitudes
measured. Then amplitude histograms can be constructed once spikelets have
been identified for analysis (described below). We also recorded spikelets under
voltage-clamp conditions (12), but because they are rapid events the clamp will
generally not be adequate.

Figure 1 shows the typical shapes of spikelets we recorded. While many
of them will have the biphasic appearance shown in Fig. 1B (upper and middle
traces), some will be long lasting, resembling EPSPs (lower trace). We think
that the second type represents direct gap junctional communication, because
of the low-pass filter characteristics (gap junctions act as low-pass filters, basi-
cally ohmic resistors connecting two cytoplasms), but the first type represents
field coupling caused by a group of neuron possibly coupled through gap junc-
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tions, firing synchronously in the neighborhood of the recording neuron (13).
The biphasic appearance of these events indicate differentiated spikes, charac-
teristic of high-pass filters and capacitive coupling and therefore it is not sug-
gestive of a direct low-pass gap junctional coupling. All these spikelets
disappear (or their frequency decreases) when manipulations that block gap junc-
tions are used (11): acidification, octanol, or halothane (see Note 2). Conversely,
spikelet frequency increases with manipulations that open gap junctions, such
as alkalinization (11).

3.2. Automated Identification and Analysis of Spikelets

Identification of spikelets posses several unique problems that arise from their
small size and the high noise environment in which they exist. Spikelets are
events that are on the order of millivolts and only several milliseconds long.
Under the zero extracellular calcium conditions used to evoke synchronous neu-
ronal discharge there are considerable membrane potential fluctuations most
likely arising from intrinsic channel activity as well as electrical field effects.

Fig. 1. Recording of spikelets in normal and calcium-free ACSF. (A) Extracellular
stimulation of the Schaffer collaterals evokes an EPSP in the CA1 pyramidal neuron
with superimposed action potentials and spikelets (arrows). (B) Whole-cell record-
ings from two CA1 neuron in calcium-free ACSF reveal spikelets with different wave-
forms (upper and middle traces). All these spikelets disappear when gap junction
blockers are bath applied (lower trace).
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These fluctuations although morphologically dissimilar to spikelets may share a
similar or larger amplitude than the waveform of interest. Under these conditions
threshold detection algorithms fail, leaving the alternative, manual identification
and analysis of spikelets as an arduous and daunting endeavour.

A unique detection algorithm first described for the analysis of synaptic cur-
rents (19) but more appropriately applied to low signal-to-noise ratio record-
ings was developed to identify spikelets. In essence the procedure involves
searching for maxima within the correlation of a segment of data and a generic
template (Fig. 1). Template here refers to a segment of data that typifies all or
part of waveform for which one would like to search for within the data set (in
this case a spikelet). Putative maxima are assessed according to four user
defined criteria of which one arises from the autocorrelation function of the
template (Fig. 2). Acceptable maxima are considered to demarcate the begin-
ning of an event. A user-defined duration of data following the beginning of
the event is taken to be a spikelet. The segment of data identified as a spikelet
is saved to disc. Each spikelet can be reviewed and those that are spurious can

Fig. 2. Schematic of identification algorithm. Event detection begins with compu-
tation of cross- and autocorrelation functions. Representative data trace (voltage, 2048
points) along with a selected template (35 points) are shown. The cross-correlation is
obtained (CC, bottom trace) as well as the autocorrelation of the template. Note how
the high frequency noise is “filtered” out of the data through this mathematical
manipulation. The vertical dashed lines are aligned to the peaks in the cross-correlation
function considered to meet the criteria for an event. A user defined time interval
(T, see also Fig. 3) is used to compute a slope from the autocorrelation function.
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be discarded by the user. The final set of spikelets with the times at which they
occur in the data set are used for subsequent analysis.

3.2.1. Digitizing the Data

1. Long stretches of neuronal activity (20–120 min) were first recorded with a digi-
tal data recorder at a digitization rate of 88 kHz. To fully utilize the range of the
analog-to-digital converter, the membrane potential was offset to zero. We then
amplified this output from the Axoclamp 2A amplifier (Axon Instruments) by
and additional 80 before recording to VCR tape.

2. During playback the amplifier gain was set to unity and the data digitized at 10 kHz
using Fetchex (Axon Intruments) and saved to disk as a Fetchex formatted data
file. This binary formatted data file was then read in as 2048-point data segments
(Fig. 2, top trace), each being analyzed sequentially until the end of the file was
reached.

3.2.2. Picking a Template

The entire data set was available for viewing and analysis in a graphical
environment. The user was simply required to place two cursors anywhere
within the entire data set to encompass a segment of data to be used as the
template. This template was saved to disk and recalled when needed. The tem-
plate could be any duration, and encompass any or all aspects of the spikelet to
be detected.

3.2.3. Cross- and Auto-Correlations

Since the calculation of the auto- and cross-correlation functions requires
arrays to be a power of two in length, two copies of the template were created
each zero padded to the appropriate length. The first copy consisted of the
template segment with trailing zeros padded to the next smallest power of two.
The second copy was extended to the length of the data segment (albeit also a
power of two). The cross-correlation function of the data and template (CC),
and the autocorrelation function of the template were then obtained by stan-
dard numerical techniques (20).

3.2.4. Criteria for Event Selection

From the autocorrelation function a single value was obtained. This value is
the slope of the autocorrelation function over the interval from zero lag to a
user specified time (T), which will be designated Mauto (see Fig. 3A). Smin and
Smax are defined by the user and represent scale factors. We define Mcross as the
slope over a specified interval within the cross-correlation function. A point in
the cross-correlation function at time t was considered to be the start of an
event or spikelet if it met all the following criteria:
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1. The absolute value of Mcross over the intervals (t, t – T) and (t, t + T) was greater
than Smin*Mauto (see Fig. 3B).

2. The absolute value of Mcross over the intervals (t, t – T) and (t, t + T) was less than
Smax*Mauto.

3. Events could not be closer than a user specified time (usually 2 ms).

Fig. 3. Details of event selection. (A) Given the autocorrelation of the template, the
slope over the user defined interval T is obtained (Mauto) (B) Segment of the cross-
correlation function (same trace as in Fig. 2) and an expanded view of a short segment
of this trace (below). Two slopes are computed from the cross-correlation function,
that over the interval (t – T, t) and a second over the interval (t, t + T). It is clear that the
selection of T can significantly alter the fidelity of the search algorithm.
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Once a putative event was identified in this fashion then a user specified
amount of data prior to t time and following t was saved to disk as an “event.”
The time of occurrence of the event within the entire digitized segment was
also saved to disk. This technique has several advantages and disadvantages
which are described in Notes 3 and 4.

4. Notes
1. The main difficulties we found with dual recordings in the slice are the follow-

ing: first, only a few of the neurons are coupled through gap junctions (15–35%
in the CA1 area of the hippocampus in our conditions), therefore we should know
to which neurons the one we patched is coupled before attempting a second patch.
The visualization of the cells can be achieved using a 30× or 40× objective lens
by infrared microscopy, a common method employed today. We have tried to
identify coupled cells by including a fluorescent dye in the first patching elec-
trode, hoping that the dye will spread to coupled neurons. We do not recommend
this method due to the difficulty of visualizing clearly coupled cells under the
patching conditions; for a typical dye coupling study, we must dehydrate and
clear the slice with ethanol and methyl salycilate respectively (11,12,18) to clearly
identify dye-coupled cells, which sometimes is unsuccessful with cleared tissue
because the cells are to deep in the slice. Therefore, identifying unambiguously
dye coupled cells under the patching setup is extremely difficult, and erroneous
“coupling” can be seen frequently because of dye leakage from the patching elec-
trode. In addition, fluorescent dyes are toxic for the cells, and more so when
sustained UV irradiation is needed to perceive possible dye coupled neurons sur-
rounding the patched cell. However, other dyes such as calcein may not be as
toxic as Lucifer Yellow; keeping UV irradiation to a minimum helps in any case.
For these reasons, we developed a trick that allows us to identify cells with direct
cytoplasmic connections without using fluorescent markers. We employ an
hyperosmolar internal solution, between 340 and 360 mOsm (the osmolarity
raised with potassium gluconate or KCl), to patch the first cell. At 10–20 min
after being patched the neuron is normally swollen, and one or two other cells
surrounding the patched neuron can be seen to be clearly swollen, which indi-
cates a direct cytoplasmic connection with the patched cell. This method avoids
the leakage problem (extracellular hyperosmolar solutions cause the opposite
effect, shrinkage), and neurons are relatively healthy for 15–20 min, which may
allow for a second (swollen) cell to be patched, even though after this time cells
become very leaky and may expire. As a note of caution, we have tried this
method in immature rat neocortex, so far without success due to stability prob-
lems, for the tissue will move when the second patching electrode is positioned.

2. Several blockers of gap junction channels were successfully used in brain slices.
Sodium propionate in the external ACSF, 20–25 mM, substituting the same
amount of NaCl to maintain the osmolarity value, will acidify the cellular cyto-
plasm upon application in a few seconds, according to the experimental observa-
tions in muscle and nervous tissue. Another way to promote intracellular
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acidification is to use normal ACSF but using 90% CO2 to bubble the solution;
also, washout of ammonium chloride (10 mM) will cause the same effect. Halothane
was used at a concentration of 2% in the ACSF, and 0.2 mM octanol (directly
added to the ACSF, do not make stock solution of octanol). Alkalinization is
promoted by application of ammonium chloride, 10 mM (washout will cause
acidification), trimethylamine (10 mM), or ACSF containing 60 mM bicarbon-
ate. All these manipulations had an effect upon spikelet frequencies and sponta-
neous seizure-like events in 1–2 min upon application, were applied for not more
than 7–10 min, and the effects were reversible in 2–10 min.

3. One of the major disadvantages of the recognition technique described above is
the usage of computer memory. The original algorithm was written to run within
the 640K memory limit of DOS-based personal computers. This does not pose a
significant problem if the data is analyzed as 2048-point segments. However there
is some data loss at the ends of each cross-correlation function. This, however,
did not appear to pose a significant problem to analysis. The second major disad-
vantage is that the algorithm is rather slow as it involves three fast Fourier trans-
forms and two inverse Fourier transforms. Nonetheless, a 66 MHz 80486
processor took only approx 5 minutes to analyze a 1 million point data set. This
seems a small price to pay considering the manual alternative. Indeed some events
were probably missed. However, by setting the four user specified variables defined
above, the sensitivity can be increased at the expense of specificity. The putative
events can then reviewed and those that are inappropriate (noise, action poten-
tials, stimulus artifacts) discarded.

4. The algorithm presented above is a generic search algorithm. One needs only to
selected a waveform of interest, and modify the search parameters. We have
applied this algorithm to detection of spikelets (12) and miniature excitatory
postsynaptic potentials. It has also been tested with field potentials and action
potentials and has proven to be reliable. Under certain conditions this algorithm
is clearly superior to threshold and slope detection algorithms. This is obvious by
observing the data tracing in Fig. 2. A threshold detection algorithm would not
be appropriate given the large and rapid fluctuations in baseline. We found this
algorithm to be robust even in under poor recording conditions corrupted with
high-frequency noise. This is most probably related to the fact that the cross-
correlation filters out uncorrelated high-frequency noise (see cross-correlation
trace in Fig. 2).
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Biochemical Analysis of Connexin Phosphorylation

Bonnie J. Warn-Cramer, Wendy E. Kurata, and Alan F. Lau

1. Introduction
The phosphorylation of connexins represents an important mechanism that

regulates the biological activity of gap junctions. The methods described in
this chapter to study connexin phosphorylation utilize [32P]orthophosphate
metabolic radiolabeling of intact cells which permits the subsequent direct
identification of phosphorylated amino acids and phosphopeptides of connexin.
These methods include: (1) the analysis of connexin phosphoisoforms by
immunoprecipitation and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), (2) direct identification of the phosphorylated amino
acid(s) by two-dimensional phosphoamino acid analysis, and (3) resolution of
phosphorylated connexin peptides by two-dimensional phosphotryptic peptide
analysis. Connexin43 (Cx43) is used as the primary experimental example in
this chapter because of the authors’ extensive experience with this connexin
subtype.

2. Materials
2.1. Analysis of Phosphoisoforms of Connexins

1. Phosphate-deficient and methionine-free media (Gibco-BRL, Grand Island, NY).
2. Calf serum (Hyclone, Logan, UT).
3. Fetal bovine serum (Summit Biotechnology, Ft. Collins, CO).
4. 32Pi (NEN, Boston, MA), 35S-Pro-Mix (Amersham, Arlington Heights, IL).
5. Cx43 antibody. Commercial sources of Cx43 antibodies include Zymed (South

San Francisco, CA), Transduction Laboratories (Lexington, KY), Chemicon
(Temecula, CA), etc.).

6. Phosphotyrosine antibodies (Transduction Labs, Lexington, KY).
7. Protein A–S. aureus (Sigma, St. Louis, MO) (1).
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8. Prestained molecular weight markers are from Sigma (St. Louis, MO). Unstained
molecular weight markers are prepared in our laboratory from the following pro-
teins obtained from Sigma: phosphorylase b—92.5 kDa (one part); bovine serum
albumin—68 kDa (one part); catalase—60 kDa (two parts); ovalbumin—46 kDa
(three parts); carbonic anhydrase—29 kDa (two parts); myoglobin—17 kDa (one
part); cytochrome c—12.5 kDa (one part). All protein stock solutions are pre-
pared at 2 mg/mL in 0.0625 M Tris-HCL, pH 6.8, and stored at –20°C. When
needed, an aliquot of each stock solution is mixed with an equal volume of 2×

SDS/PAGE (Laemmli) sample buffer (composition given in step 14), plus an
equal volume of 1× gel sample buffer, and boiled for 3 min. The working
unstained molecular weight marker mix is then prepared at the ratios indi-
cated above in parentheses (to give approximately equal Coomassie blue
staining intensities). The working mix is also stored at –20°C. Typically, we
use 10 µL per well to give a good staining reaction in a 0.75-mm thick poly-
acrylamide gel.

9. Nonidet P-40 (NP-40) (Sigma, St. Louis, MO).
10. Ovalbumin (Sigma, St. Louis, MO).
11. RIPA buffer: 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1%

SDS, 10 mM Tris-HCl (Fisher Scientific, Santa Clara, CA), pH 7.2. Prior to use,
add phosphatase inhibitors to a final concentration of 160 µM Na3VO4 (100 mM
stock in deionized H2O), 50 mM NaF (1 M stock in deionized H2O), and 1 mM
phenylmethylsulfonyl fluoride (PMSF), added as a dry powder. Sodium pervanadate
and sodium fluoride stock solutions are stable and stored at 4°C. PMSF is not
very soluble in H2O and has a short half-life in aqueous solutions; however, it is
still an effective protease inhibitor.

12. STE buffer: 150 mM NaCl, 20 mM Tris-HCl, pH 7.2, and 1 mM EDTA.
13. 2,5-Diphenyl-oxazole (PPO)–dimethyl sulfoxide (DMSO) solution for fluorog-

raphy: PPO in DMSO, 22.2% w/v (2).
14. SDS–PAGE (Laemmli) sample buffer: 6.25 mL of stacking gel buffer (0.5 M

Tris-HCl, 0.4% SDS, pH 6.8), 5 mL of glycerol, 0.75 mL of 0.1% bromphenol
blue in H2O, 7.5 mL of 20% SDS, and 25.5 mL of H2O. Add 50 µL of -mer-
captoethanol to 950 µL of this buffer prior to use (5% -mercaptoethanol).

15. All solutions are filtered through a 0.45-µm membrane and used at 4°C, unless indi-
cated otherwise. Deionized H2O at 10–18 mOhm is used to prepare all solutions.

2.2. Determination of Phosphoamino Acid Content

1. Phosphoamino acid standards (Sigma, St. Louis, MO).
2. Stoddard solvent (EM Science, Gibbstown, NJ).
3. Two-dimensional thin-layer cellulose sheets (MN Polygram CEL 300 thin-layer

cellulose on plastic backing, 0.1-mm MN300 cellulose, Brinkmann Instruments,
Postfach, Germany).

4. Immobilon-P (Millipore, Bedford, MA).
5. Glass microcapillary tubes (Fisher Scientific, Pittsburgh, PA).
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6. Chromist laboratory sprayer (Gelman Sciences, Ann Arbor, MI) to spray
pH 3.5 buffer.

7. Fluorescent glow paint (Polymark, Polymeric, Natick, MA).
8. Phosphoamino acid standards mix: Pser–Pthr–Ptyr at 1:1:1 in H2O, each

standard at 100 µg/mL in mixture. Store frozen at –20°C.
9. Phosphoamino acid analysis electrophoresis buffers: pH 1.9 buffer (2.5% formic

acid v/v [25 mL of 88% stock/L, Fisher Scientific, Santa Clara, CA], 7.8% acetic
acid) and pH 3.5 buffer (0.5% pyridine, 5% acetic acid).

10. CAPS transfer buffer: 10 mM CAPS (3-cyclohexylamino-1-propane sulfonic
acid), pH 11, 10% methanol (v/v), 0.1% EDTA.

2.3. Phosphotryptic Peptide Mapping

1. Acetone (Fisher Scientific, Pittsburgh, PA).
2. Trichloroacetic acid (Fisher Scientific, Pittsburgh, PA).
3. NH4HCO3 (Sigma, St. Louis, MO).
4. TPCK-trypsin (Worthington Biochemicals, Lakewood, NJ): Trypsin treated with

L-(tosylamido-2-phenyl) ethyl chloromethyl ketone to inhibit chymotrypsin.
5. Formic acid (99%) (Fisher Scientific, Pittsburgh, PA).
6. Hydrogen peroxide (30%) (Sigma).
7. Pancreatic RNase A (Sigma).
8. Thin-layer cellulose glass plates (20 × 20 cm, cat. no. 5716, EM Science,

Gibbstown, NJ).
9. Trichloroacetic acid (TCA), 100%: Dissolve 500 g of TCA in 215 mL of H2O.

Store at 4°C in an amber bottle.
10. Pancreatic RNase A: 2 mg/mL in H2O, boiled and stored in small aliquots at –20°C.
11. Performic acid: Prior to use mix nine parts of 99% formic acid with one part of

30% hydrogen peroxide and incubate for 60 min at room temperature. Transfer
to ice.

12. 50 mM NH4HCO3, pH ~7.3–7.6: 80 mg of NH4HCO3 in 20 mL of H2O.
13. Gel extraction buffer: 50 mM NH4HCO3 with 0.1% SDS and 5% -mercaptoethanol.
14. Ascending chromatography buffer: 62.5% isobutyric acid, 4.8% pyridine, 2.9%

acetic acid, and 1.9% n-butanol.
15. Tracking dye: 5 mg/mL of -dinitrophenyl lysine and 1 mg/mL of xylene cyanol

FF in 50% of pH 4.72 buffer (5% n-butanol, 2.5% pyridine, and 2.5% acetic acid).
16. Most chemical reagents are from Sigma (St. Louis, MO), unless otherwise

indicated.

2.4. Specialized Equipment

1. Hunter thin-layer electrophoresis system (HTLE-7000, CBS Scientific, Del Mar, CA).
2. Savant SpeedVac and Savant phosphoamino acid analysis tanks (Farmingdale, NY).
3. Beckman TL100 ultracentrifuge and Beckman LS5000TD scintillation spectrom-

eter (Beckman Instruments, Palo Alto, CA).
4. Circulating cooling water bath (Model A81, Haake Instruments, Paramus, NJ).
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3. Methods
3.1. Analysis of Phosphoisoforms of Connexins

This subsection describes the immunoprecipitation of radiolabeled Cx43
from cell lysates and the resolution of the common phosphoisoforms of
connexins by SDS-PAGE (see Section 4.1., Notes 1 and 2).

1. On d 1, radiolabel freshly confluent cells plated on 100-mm cell culture dishes in
phosphate-deficient culture medium, supplemented with 4% serum. Perform the
32Pi radiolabeling using 0.5–3.0 mCi/mL in 3 mL of medium per dish for 2–4 h at
37°C in a humidified 5% CO2 incubator. Radiolabeling with 35S-Pro-Mix is per-
formed with 50–100 µCi/mL in methionine-free medium, supplemented with
4% calf serum for 3–4 h at 37°C.

2. Harvest radiolabeled cell cultures by placing the dishes on ice and pipeting off
the radioactive medium. Wash the dishes twice with ice-cold phosphate-buffered
saline supplemented with phosphatase inhibitors (160 µM Na3VO4, 50 mM NaF,
1 mM PMSF). Freeze the cell cultures immediately without buffer at –70°C.

3. On d 2, thaw the frozen cells on ice and scrape the dishes using a rubber scraper
in cold RIPA buffer plus phosphatase inhibitors (~2.5 mL of buffer/100-mm
dish). Transfer the cell suspensions to 15-mL screw-capped plastic tubes and
vortex-mix vigorously to aid lysis. Clarify the cell lysates by centrifugation at
541,000g (100,000 rpm) for 20 min at 4°C in a TLA 100.3 rotor using a TL100
table top ultracentrifuge.

4. Isolate Cx43 from the clarified lysates by adding immune serum that is capable
of immunoprecipitating the protein. Generally, add 4–6 µL of Cx43 antiserum
(see Section 4.1., Note 3) to a volume of lysate representing one-half to one-third
of a 100-mm plate of confluent fibroblastic cells (e.g., vole cells or rat-1 cells,
which express a fair amount of Cx43 protein). Mix the samples by vortex-mixing
and incubate on ice for 11/2–2 h. Add the same volume of nonimmune serum to an
equivalent volume of cell lysate as a control for nonspecific immunoprecipitation.

5. During the incubation period prepare the Protein A-containing bacterial cells that
will be used to collect the Cx43 immune complexes (see Section 4.1., Note 4).
Pellet the Protein A-containing S. aureus at 3000g at 4°C for 15 min. Use a
volume of S. aureus (at 10% suspension, w/v) that is 20× the total volume of
antiserum used for the immunoprecipitations (i.e., 80 µL/tube for 4 µL of
antiserum). Resuspend the bacteria to the original volume in STE–0.5% NP-40
buffer and incubate at room temperature for 15 min. Pellet the bacteria, wash in
STE–0.05% NP-40 buffer, and resuspend in a final total volume of STE–0.05%
NP-40 containing 1 mg/mL of ovalbumin to yield 0.1 mL of bacterial suspension
per sample.

6. At the end of the antiserum-lysate incubation period, add the prepared Protein A-S.
aureus to the samples, incubate on ice for 30 min, and pellet at 3000g at 4°C for
15 min. Wash the bacteria pellet containing the immune complexes 3× in 1.5 mL
of RIPA buffer plus phosphatase inhibitors at 4°C and pellet as before. After the
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third wash, transfer each sample in 1 mL of RIPA buffer plus phosphatase inhibi-
tors to a 1.5-mL microcentrifuge tube and pellet the sample in a microcentrifuge
at 4°C for ~20 s. Aspirate the supernatant off completely, add 30–40 µL of 1×

SDS-PAGE sample buffer to each sample, resuspend the bacteria completely by
vigorous vortex-mixing, and boil for 3–5 min. Pellet the bacteria for 2 min in a
microcentrifuge. Collect the supernatant containing the released Cx43 using a
micropipettor and store in a fresh microcentrifuge tube at –20°C overnight.

7. On d 3, resolve Cx43 from other phosphorylated proteins by electrophoresis on a
7.5–15% SDS-containing polyacrylamide gel poured during the previous day (see
Section 4.1., Note 5). Directly compare the migration of Cx43 isoforms (phos-
phorylated and nonphosphorylated) by electrophoresing [32P]Cx43 and
[35S]Cx43 immunoprecipitated from cells, respectively (3) (see Section 4.1.,
Note 6). The gel is fluorographed (2) and the radiolabeled proteins visualized by
exposing the dried gel to Kodak X-Omat film with or without the aid of an
intensifying screen at –70°C. Estimate the apparent molecular weights of the
various 32P-phosphoproteins by comparison to the migration of stained molecu-
lar weight standards. The phosphoisoforms of Cx43 are typically displayed as a
ladder of 32P-labeled bands (45K and 47K or P1 and P2, respectively) which
migrate slower that the fastest migrating, nonphosphorylated Cx43 isoform (43K
or NP) seen in the 35S-labeled protein (see Fig. 1).

3.2. Determination of Phosphoamino Acid Content

This subsection describes the procedure for determining the identity of the
amino acids in Cx43 that are phosphorylated in intact cells (4). This procedure,
which provides a direct and reliable determination of the content of the three
major phosphoamino acids (serine, threonine, and tyrosine), requires the radio-
labeling of intact cells with [32P]orthophosphate.

1. On d 1 and 2 immunoprecipitate [32P]-Cx43 as described in Subheading 3.1. and
resolve it from other phosphoproteins by SDS-PAGE. Electrotransfer the pro-
teins in the unfixed gel to an Immobilon-P membrane (see Section 4.2., Note 1) at
300 mAmp for 1 h at 4°C using CAPS transfer buffer. Expose the membrane to
film overnight with or without the aid of an intensifying screen.

2. On d 3, localize the [32P]-Cx43 bands by realigning the dried membrane with the
developed X-ray film exposed with the aid of fluorescent glow paint spots (see
Section 4.2., Note 2). Excise the [32P]-Cx43 bands precisely from the Immobilon
membrane, transfer each piece(s) into a 1.5-mL screw-capped microfuge tube,
and determine the amount of 32P-radioactivity by Cerenkov counting in a scintil-
lation spectrometer. (Radioactive decay particles from emitters, such as 32P,
generate light emissions that can be detected by spectrometry [Cerenkov radia-
tion]. These energetic decay particles can be detected without the use of a scintil-
lation cocktail to amplify the light signal, and thus the entire sample can be
counted in an Eppendorf tube placed in a carrier vial and the sample recovered
after determining the radioactivity). Wet the Immobilon membrane with methanol.
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Wash the membrane twice with deionized H2O and remove all H2O after the last
rinse. Acid hydrolyze the Cx43 protein from the membrane by adding 200 µL of
5.7 N HCl to each sample to cover all membrane pieces. Incubate samples in a
preheated heating block at 110°C for 60 min (see Section 4.2., Note 3).

3. Chill the sample on ice for 5 min. Centrifuge it at 16,000g (14,000 rpm) in a
microcentrifuge for 5 min, transfer the supernatant to a fresh microcentrifuge
tube, add 300 of µL H2O, and lyophilize it to dryness at the bottom of the tube

Fig. 1. Resolution of 32P- and 35S-labeled Cx43 immunoprecipitated from fibro-
blast cells by SDS-PAGE. Separate cultures of vole fibroblast cells, an established
rodent cell line (3) were labeled with either [35S]methionine (50 µCi/mL for 4 h at
37°C) or 32Pi (0.5 mCi/mL for 4 h at 37°C). Cells were washed in phosphate-buffered
saline, lysed in RIPA buffer, and clarified as described in Subheading 3. Clarified
lysates were immunoprecipitated with either control nonimmune rabbit serum (lanes
C) or Cx43 peptide antiserum (lanes P). Proteins were resolved by SDS-PAGE on a
gradient gel and detected by autoradiography of the fluorographed gel. Positions of
the nonphosphorylated 43K (NP) and the phosphorylated 45K (P1) and 47K (P2) Cx43
isoforms are indicated at the left margin. (Reprinted with permission from ref. (3).
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using a Savant SpeedVac (see Section 4.2., Note 4). Cerenkov count the sample
in a scintillation spectrometer. Dissolve the sample completely in 5–10 µL of the
phosphoamino acid standards mix.

4. Spot a sample volume that gives the appropriate number of cpm onto a 20 × 20 cm
thin-layer cellulose (TLC) plastic-backed sheet using a 2–5-µL glass microcapillary
pipet (see Fig. 2 and Section 4.2., Note 5). Dry the sample spot between repeated
applications with a gentle stream of cool filtered air. Typical total volumes spotted
range from 4 to 6 µL. Up to four samples can be analyzed on a single 20 × 20 cm
TLC sheet arranged as shown in Fig. 2.

5. Blot the spotted TLC sheet gently with a gauze pad wetted with pH 1.9 electrode
buffer (see Section 4.2., Note 6). Avoid damaging the cellulose thin layer.
Converge buffer around the sample origin in a concentric manner to concentrate
each sample. Alternatively, the TLC sheet can be wetted with a blotter as
described in Subheading 3.3. Mount the TLC sheet onto the Plexiglas holding
rack and lower the rack slowly into the Savant electrophoresis tank through
the Stoddard solvent layer and into the pH 1.9 electrode buffer. To prevent sample
loss, avoid washing the electrode buffer over the sample origin. Electrophorese
the sample toward the (+) electrode at 1000 V for 32 min at 4°C. Remove the TLC
sheet, lay horizontally, and dry it thoroughly in a fume hood at room temperature.

6. Wet the TLC sheet minimally and evenly by spraying (Chromist laboratory
sprayer) with pH 3.5 electrode buffer in a manner that avoids buffer pooling and
runoff. Mount the TLC sheet in the rack rotated 90° from the first direction (see
Fig. 2). Load the rack slowly into the pH 3.5 electrode buffer tank. Electrophorese
the samples toward the (+) electrode at 1000 V for 21 min at 4°C. Lay the TLC
sheet flat and dry it completely in a fume hood.

7. Spray the TLC sheet with 0.2% ninhydrin in ethanol. Avoid pooling of spray or
buffer run off. Heat the sheet in an oven at 50°C for (3–5 min to develop the
ninhydrin-stained spots. Outline the positions of the three phosphoamino acid
standards lightly with a blunt no. 3 pencil. Visualize the radioactive spots by
exposing the TLC sheet to Kodak X-Omat film with the aid of an intensifying
screen at –70°C for 1–3 wk (see Section 4.2., Note 7).

8. The typical two-dimensional migration of the three major phosphoamino acids
(pS, pT, and pY) yields an upside down, reversed L shape as shown in Fig. 2B.
The appearance of a radioactive spot comigrating with one of the three phospho-
amino acid standards indicates the phosphorylation of that particular phospho-
amino acid in Cx43. Free inorganic phosphate appears as a radioactive spot
migrating well ahead of the three phosphoamino acids in both dimensions. Any
incompletely hydrolyzed phosphopeptide material will usually migrate as a smear
just above and to the left of the origin.

3.3. Phosphotryptic Peptide Mapping

The procedures described in this subheading will produce a two-dimensional
display of the phosphorylated peptides of Cx43 by the digestion of 32P-labeled
Cx43 with trypsin. This pattern gives an idea of the number of phosphorylated
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Fig. 2. Two dimensional resolution of phosphoamino acids from Cx43 on thin layer
cellulose sheets. (A) Schematic representation of the 20 × 20 cm plastic-backed thin
layer cellulose sheet. The origins for as many as four samples are shown by the closed
circles (�). The directions of electrophoresis in the first dimension in pH 1.9 buffer and
in the second dimension in pH 3.5 buffer are shown. Electrophoresis in both
dimensions is toward the (+) electrode. (B) Schematic representation of a typical two-
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sites in connexin under control conditions and an indication of changes in the
phosphorylation status of Cx43 after an experimental treatment. The resulting
phosphotryptic peptide pattern is reproducible and can serve as a “fingerprint”
for phosphorylation under specific experimental conditions or by a particular
protein kinase. This procedure is a key part of an approach to identify specific
phosphorylation sites in connexin proteins. Because very small amounts of
connexin are typically available for analysis, this procedure depends upon the
high level 32P-labeling of the connexin of interest. The procedure described
here is patterned after Boyle et al. (5).

1. On d 1–2, prepare [32P]-Cx43 as described in Subheading 3.1. Because of the
length of this procedure and the inherent losses of material, the radiolabeling of
cells should be performed with 1–3 mCi/mL of [32P]-orthophosphate using the
necessary safety shielding and equipment (see Section 4.3., Note 1). We have
also purified a larger amount of Cx43 starting material by radiolabeling more
plates of cells and using a proportionally larger amount of Cx43 antibody.

2. On d 3, identify the Cx43 bands by autoradiography of the unfixed, hydrated,
Saran-wrapped polyacrylamide gel. It is important to use Saran-Wrap brand of
plastic-wrap. Precisely excise the appropriate band(s). Handle the gel pieces with
gloves to avoid possible contamination of the sample. Cerenkov count the excised
gel band. A minimum of 5000 cpm is generally required to complete these
procedures successfully. This generally represents a very small amount of Cx43
protein. To extract the Cx43 protein, grind up the gel piece using a spatula in an
Eppendorf tube or in a disposable tissue grinder tube (Kontes, Vineland, NJ).
Transfer the gel pieces to a screw-capped microcentrifuge tube in 1 mL of freshly
prepared extraction buffer (50 mM NH4HCO3 containing 0.1% SDS and 5%

-mercaptoethanol). The use of siliconized tubes for this and subsequent steps is
recommended to prevent the loss of material caused by adsorption onto the sides of
the tube. Boil the sample for 3–5 min and incubate for 2–3 h (or overnight) while
shaking at room temperature.

3. On d 4, clarify the pooled supernatant by centrifuging in a microcentrifuge at
16,000g (14,000 rpm) for 10 min. Immediately remove the supernatant leaving
behind any gel pieces. Extract gel pieces once more with 300 µL of extraction
buffer (prepared as in step 2). Boil the sample again for 3–5 min and incubate for
2–3 h especially if significant cpm remain in the gel pellets (determine by Ceren-

(Opposite page) dimensional resolution of the three major phosphoamino acids from
Cx43: phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine (pY). The
outlines correspond to the migration positions of the ninhydrin-stained phosphoamino
acid standards. Autoradiography of the thin-layer sheet will reveal the identity of phos-
phorylated amino acid(s) present in the Cx43 protein isolated from the cells. Free 32Pi

will migrate faster than the pS spot in both dimensions. Incompletely digested phospho-
peptide material will migrate as a smear between the pY spot and the sample origin.
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kov counting). Be very careful not to carry over any gel debris as this will lower
the yield and produce a brown sample that electrophoreses poorly. Chill the clari-
fied supernatant on ice. Add 20 µg of boiled carrier RNase A, followed by 250 µL
of chilled 100% TCA. Mix completely and allow to precipitate on ice for 2–3 h.
It is possible to precipitate the sample on ice overnight at 4°C. Pellet the precipi-
tate in a microcentrifuge for 10 min at 16,000g (14,000 rpm). Wash the pellets
once with 500 µL of cold acetone (–20°C) and air-dry the tubes. Cerenkov count
the sample to determine the recovery, which should be approx 60% of the start-
ing amount.

4. Dissolve the pellet in 50 µL of chilled performic acid and incubate on ice for
exactly 1 h. Add 400 µL of chilled H2O, freeze and lyphophilize to dryness in a
SpeedVac (see Section 4.3., Note 2). During the performic oxidation step do not
allow the sample to warm up. Dissolve the lyophilized sample in 50 µL of
NH4HCO3, pH ~8.0–8.3. It is possible to use the NH4HCO3 solution prepared on
d 3 because its pH will drift to ~8.0 overnight. Digest the sample with TPCK-
trypsin (25 µg or 25 µL of 1 mg/mL solution) by incubating overnight at 37°C.

5. On d 5, remove tubes from water bath and centrifuge to collect volume. Continue
the digestion by adding another aliquot of trypsin (10 µL). Vortex-mix the sample
well and incubate for 3–5 h at 37°C. Add 400 µL of H2O, freeze, and lyophilize in
a SpeedVac to a small volume (~50 µL, ~2–3 h). Do not allow the sample to dry
completely. Relyophilize twice with 300 µL of H2O and then with 200 µL of pH
1.9 buffer. Add 100 µL of pH 1.9 buffer, vortex-mix well, and clarify the sample
in a microcentrifuge at 16,000g (14,000 rpm) for 10 min at 4°C. Transfer the
supernatant to a clean tube and lyophilize in the SpeedVac to a final volume of
5–10 µL. These steps, which remove NH4HCO3 and other debris, are essential to
obtaining “nice”, reproducible peptide maps (see Section 4.3., Note 3). Cerenkov
count the sample.

6. On d 6, spot ~5 µL of sample at the origin on glass-backed TLC plates (EM
Science) as described in Fig. 3 (see Section 4.3., Notes 4 and 5). Keep the sample
origin to a 1–2-mm diameter, drying with a stream of cool filtered air after each
application. Apply tracking dye as indicated in Fig. 3 (dye 1). The tracking dye is
used to monitor the extent of electrophoresis. It is composed of two different
dyes ( -dinitrophenyl lysine and xylene cyanol FF) that migrate differently during
electrophoresis, separating into a blue and a yellow spot. Prepare a blotter using
a 20 × 20 cm double sheet of Whatman 3MM paper. Cut two ~1–2-cm diameter
holes with a cork borer corresponding to the sample origin and dye spot. Wet the
blotter by dipping it in a tray containing ~200 mL of pH 1.9 buffer and removing
excess buffer by blotting it briefly with a second piece of Whatman 3MM paper.
Wet the TLC plate by applying the damp blotter wetted with the pH 1.9 buffer.
Try to wet and concentrate the sample first by pressing gently on the 3MM sheets
surrounding the origin with a damp gauze to bring the buffer into the origin con-
centrically. Before loading the TLC plates, press the edges of the wicks in the
Hunter apparatus to remove excess buffer. Load the TLC plate into the Hunter
tryptic peptide apparatus with the left (+) and right (–) edges of the plate oriented
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Fig. 3. Two-dimensional resolution of phosphotryptic peptides on thin layer cellu-
lose. Schematic representation of the 20 × 20 cm thin-layer cellulose glass plate used for
the separation of tryptic phosphopeptides of Cx43. The sample origin is indicated by the
closed circle (�). The positions for the application of the tracking dye in the first (dye 1)
and second (dye 2) dimensions are indicated by open circles (�). Electrophoresis in the
first dimension in pH 1.9 buffer is toward the (+) and (–) poles. Resolution in the second
dimension is by ascending chromatography in isobutyric acid buffer.

toward the correct electrode. Overlay ~1–1.5 cm of the edges of the plate with
Whatman 3MM wicks leading from the buffer troughs (~400 mL of buffer in each
trough). Place a sheet of Saran wrap over the TLC plate to protect the apparatus.
Apply pressure and cool according to the manufacturer’s instructions. Electro-
phorese in the pH 1.9 electrode buffer toward (+) and (–) electrodes for 65 min at
1000 V (see Section 4.3., Note 6). Peptides electrophorese toward the (–) electrode
according to their charge to mass ratios (5). Free phosphate migrates toward the
(+) electrode. Remove the TLC plate and dry horizontally at room temperature.

7. Spot ~1 µL of tracking dye at the left edge of (+) of the TLC plate, at the same
level as the origin (see Fig. 3, dye 2). Resolve phosphotryptic peptides in the
second dimension (90° from first dimension and toward top of plate) (see Fig. 3)
by ascending chromatography in a tank preequilibrated with isobutyric acid buffer
at room temperature (see Section 4.3., Note 7). Chromatograph samples until the
solvent front reaches the first dye spot near the top of the plate (approx 12–13 h).

8. On d 6, dry plates vertically in a fume hood. Expose the 32P-labeled phospho-
tryptic peptides by autoradiography on Kodak X-Omat film at –70°C with the aid
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of an intensifying screen for 1–3 wk depending upon the amount of sample radio-
activity spotted (see Section 4.3., Note 8).

9. Peptides migrate in the electrophoretic direction according to their charge-to-
mass ratios and in the chromatographic direction according to their hydrophobic-
ity giving rise to a two-dimensional phosphopeptide map (see Fig. 4 and ref. 5).
Several features contribute to the complexity of peptide maps including: (1)
incomplete cleavage by trypsin giving rise to multiple digestion products (i.e.,
lysine–aspartate/glutamate or arginine–aspartate/glutamate peptide bonds are not
cleaved efficiently by trypsin; see Fig. 4B peptides d and e); (2) peptides that
migrate differently due to different degrees of phosphorylation on the same
peptide; and (3) altered migration in the chromatographic direction due to
different phosphorylation sites on the same peptide (i.e., serine vs tyrosine sites)
or different oxidation states of methionine or cysteine residues in a peptide. The
addition of negatively charged phosphate groups to a peptide retards its migra-
tion in both directions giving rise to a series of radioactive spots falling on a
diagonal for a peptide with more than one phosphorylation state (see Fig. 4B
peptides b and c). The peptide migrating furthest from the origin in both directions
will then represent the lowest phosphorylation state of the peptide.

4. Notes
4.1. Analysis of Phosphoisoforms of Connexins

1. The relatively high level of [32P]orthophosphate used in these methods requires
careful sample handling, adequate Plexiglas shielding ( 0.75 in. thick), and a
Geiger–Muller counter to monitor the radioactivity. If radiolabeled samples are
not used immediately, they are best stored shielded at –70°C as frozen cells on
the dishes, rather than as scraped cell pellets or cell lysates.

2. The total profile of Cx43 can be displayed by immunoblotting cell lysates
resolved on an SDS gel, if the cell line used contains sufficient amounts of Cx43.
However, some phosphoisoforms of Cx43 may not be present at levels that can
be readily detected on immunoblots and it may be necessary to immunoprecipi-
tate radiolabeled Cx43 as described in Subheading 3.1. This will have to be
determined empirically for the cell line and antibody preparation used. The
phosphotyrosine content of Cx43 may be detectable by immunoblotting with an
antiphosphotyrosine antibody. However, this approach is not amenable to the
direct determination of the full spectrum of phosphoamino acid content of Cx43
and cannot be extended to tryptic peptide analysis.

3. We have found that approx 4–6 µL of our Cx43 peptide antiserum (raised against
aa 368–382 of Cx43 (3) is adequate to immunoprecipitate the majority of Cx43
from one-half to one-third of a 100-mm dish of our rat-1 fibroblast cells. The
amount of antibody used must be determined empirically for the particular anti-
body and cell line used.

4. We have generally used Protein A-containing S. aureus instead of Protein A–
Sepharose to collect the immune complexes because on a volume-to-volume basis
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Fig. 4. Two-dimensional phosphotryptic peptide maps of 32P-labeled Cx43. (A)
Phosphotryptic peptides of Cx43 immunoprecipitated from 32P-labeled, EGF-treated
T51B rat liver epithelial cells. The sample origin is indicated by an arrowhead. Some
phosphopeptides of interest are indicated by letters a–e. Electrophoresis in the first
dimension and ascending chromatography in the second dimension are indicated at
the bottom left corner. (B) Phosphotryptic peptides of the C-terminal tail of Cx43
phosphorylated in vitro by mitogen-activated protein (MAP) kinase. The carboxy-
terminal half of Cx43, fused to glutathione-S-transferase (GST), was purified on glu-
tathione–Sepharose beads, phosphorylated by purified MAP kinase, and purified by
SDS-PAGE (6). The phosphotryptic peptides were prepared and resolved as described
in Methods. The sample origin is indicated by an arrowhead. The letter designations
correspond to peptides migrating similarly as those in A. Peptides d and e represent
the same phosphorylation site with incomplete cleavage at a lysine–aspartate peptide
bond giving rise to two digestion products. Peptides b and c represent different phos-
phorylation states of the same peptide and migrate on a diagonal in relation to each
other. Peptide c represents the singly phosphorylated peptide and peptide b is doubly
phosphorylated. Peptide a did not migrate in a diagonal relationship to peptides b and c
on all chromatograms and has not been identified. (Reprinted with permission from
ref. (16). Chem. 271, 3779–3786, 1996.

the bacteria collect more immune complexes and they form smaller, firmer pel-
lets which are easier to extract in small volumes.

5. Cx43 is resolved well on a SDS-containing 12% polyacrylamide gel or on a 7.5–15%
polyacrylamide gradient gel (Rainin Minipuls 2 gradient mixer, Rainin/Gilson,
Woburn, MA). The gel dimension is 0.5 cm thick and 12–13 cm long. We
routinely pour the separating gel the day before use and polymerize the gel over-
night at room temperature.
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6. For the side-by-side comparison of [35S]- vs [32P]-Cx43, use approx 3× more 35S
cpm than 32P cpm to give equivalent exposures. This gel should be fluorographed
with PPO–DMSO to maximize detection of the 35S radioactivity (2).

4.2. Determination of Phosphoamino Acid Content

1. The recovery of acid-hydrolyzed Cx43 sample is most quickly and efficiently
accomplished from Immobilon-P rather than the extraction of a gel piece fol-
lowed by the subsequent TCA precipitation and acid hydrolysis of the sample. In
addition, the use of Immobilon in the acid hydrolysis step avoids possible con-
tamination of the samples by hydrolyzed acrylamide, which may occur when a
gel piece is ground up and extracted. Immobilon membrane is highly acid- and
base-resistant and does not bind free phosphoamino acids after acid hydrolysis,
which makes it an ideal support for acid extraction.

2. The exposed X-ray film is accurately realigned with the Immobilon membrane
by the use of strategically placed, small fluorescent dots on the membrane, which
make corresponding exposed dots on the film.

3. The use of screw-capped microcentrifuge tubes in the acid hydrolysis step at
110°C is essential to prevent loss of sample. Excessive pressure buildup in the
tube may cause the inadvertent popping of the caps and loss of sample volume.

4. A Savant SpeedVac is desirable because it lyophilizes samples to the very bot-
tom of the microcentrifuge tube, which permits the subsequent resuspension of
the sample in the small volume (4–6 µL) required for spotting on the TLC sheet.

5. We have obtained readable phosphoamino acid maps from the spotting of samples
containing as few as 50–100 cpm of 32P Cerenkov radiation. However, to detect
a less prevalent phosphoamino acid or to rule out the presence of a particular
phosphoamino acid, it may be necessary to spot more cpm.

6. Care must be taken not to gouge the TLC sheet during the application of the
sample and the pH 1.9 electrode buffer. The buffers must be applied minimally to
produce TLC sheets that are dull in appearance, not shiny, indicating an
overapplication of buffer. Correct the latter event by wicking away the excess
buffer carefully with a Kimwipe. Pooling of buffer or buffer runoff can ruin a
chromatogram. A circulating water bath is used to cool the electrophoresis tanks.

7. It is advisable to run the phosphoamino acid standards first in a test run to deter-
mine that all of the standards are visible with the ninhydrin stain and that they are
resolved well from each other.

4.3. Phosphotryptic Peptide Mapping

1. The time frame given for these procedures is approximate and it is possible to do
several steps in one day and complete the entire procedure in < 6 d.

2. An aliquot of the performic acid treated sample can be removed at this step, lyo-
philized, and acid hydrolyzed for phosphoamino acid analysis if sufficient sample
radioactivity is available.

3. The key to the production of reproducible, clear peptide maps is the removal of
all NH4HCO3 and debris material from the sample after the trypsin digestion
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through the described rounds of lyophilization and centrifugation and transfer of
the sample to a fresh tube (5). Also, it is important not to let the sample go dry
during the final washes and lyophilization. This may result in the irreversible
loss of hydrophobic peptides on the walls of the tube. Carryover of any gel mate-
rial from the extraction step will produce a brownish insoluble pellet that may
contain the bulk of the phosphopeptides (and therefore radioactivity). After appli-
cation, the sample should wet evenly and quickly when the electrode buffer
migrates into the sample origin. If this does not happen, the sample may be con-
taminated with foreign material and it is not likely to run well.

4. Each TLC sheet must be examined prior to use to determine the direction of
cellulose flow, which should be chosen as the direction for electrophoresis. Cel-
lulose plates are poured in one direction and the cellulose allowed to flow to the
other end of the plate. By holding the plates up to the light it may be possible to
see spaces on the edges or grains within the cellulose that indicate the direction
of flow. Gloves should be used when handling the plates.

5. Loading an excessive amount of protein on the plates may cause the phospho-
peptides to smear or streak.

6. The pH 1.9 buffer used in the first dimension resolves Cx43 peptides well (6). It
is a frequently used starting buffer because most peptides are soluble in it and it
provides good resolution. A circulating water bath is used to cool the apparatus
during electrophoresis. We have found that the isobutyric acid buffer gives good
resolution of Cx43 peptides in the second ascending chromatography dimension.
Resolution of other connexins may require different buffer types, which must be
determined empirically (5).

7. We perform the ascending chromatography (second dimension) in a large Pyrex
glass tank (30 × 30 × 60 cm) that has been equilibrated with the chromatography
buffer overnight. The tanks should be opened only for the brief time that it takes
to insert the TLC plates. Smaller glass “brick” type tanks (10 × 27 × 30 cm) can
also be used, but they must be lined with Whatman 3MM paper on four sides to
help maintain the buffer-equilibrated gas phase in the tanks. The glass lid should
be tightly sealed on the tank top with silicone grease. The chromatography tank
should be used in a quiet corner of the laboratory to minimize vibrations that
disturb chromatography. Different batches of plates and new batches of chroma-
tography buffer may affect the time required for the ascending chromatography
run. Do not allow the solvent front to run to the top of the plate.

8. Use of a phosphoimaging device may increase the sensitivity of detecting lower
amounts of radiolabeled phosphopeptides.
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How to Close a Gap Junction Channel

Efficacies and Potencies of Uncoupling Agents

Renato Rozental, Miduturu Srinivas, and David C. Spray

Alladin found a magical lamp and rubbed it. The genie appeared and told
him that he had one wish. Alladin did not think twice. He said: “I need a potent
and selective uncoupling agent”. The genie responded “I said a wish, not a
miracle”.

1. Introduction
There are several reasons that one might want to selectively do away with

gap junction channels. Of critical importance to electrophysiologists, coupling
interferes with isopotentiality, a requirement for voltage-clamping cells. Sec-
ond, by measuring the function of cell groups or tissues in which gap junctions
have been eliminated, it may be possible to infer the roles that gap junctions
normally play (“negative” physiology: refs. 1–5). Finally, there are pathologi-
cal conditions in which gap junction overexpression might be an underlying
cause (or problematic consequence) of the pathology, and therefore gap junc-
tion blockers might be therapeutically useful. Despite the desirability of find-
ing agents that would specifically block intercellular communication, however,
there is as yet no “silver bullet” that will close gap junction channels without
side effects and, as considered later, some of the most commonly used gap
junction blockers do not totally close the channels, but only partially impair
their conductance.

For other types of ion channels, pharmacological experiments have provided
seminal evidence defining their properties and physiological roles. For example,
the current understanding of interactions of neurotransmitters with their recep-
tors and the behavior of voltage-gated ionic channels on excitable membranes,
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leading to channel activation, inactivation, and desensitization, owes much to
the development of pharmacological agents and the discovery of highly spe-
cific toxins. Examples include tetrodotoxin (TTX) (6,7) and saxitoxin for Na+

channels (8,9), D-tubocurarine (10–13) and -bungarotoxin (14–16) for the
nicotinic acetylcholine receptor ion channel complex (nAChR), tetraethylammo-
nium (TEA) for K+ channels (17), and -conotoxins and -agatoxins (18–20) for
voltage-activated Ca2+ channels all of which have helped to define these channels,
as discrete entities and to clarify their roles in function of specific tissues.

For gap junction channels, no such high-affinity and highly selective inhibi-
tor has yet been identified. The lack of naturally occurring gap junction toxins
might be due in part to the inaccessibility of gap junction proteins to extracel-
lular space. Whereas other ion channels have large exposed domains, and such
exposure is even crucial for the operation of ligand-gated channels, the lumen
of gap junction channels is continuous between connexons contributed by each
cell and is thus inaccessible to extracellular agents. The lack of discovery and
development of synthetic uncoupling agents is likely ascribable to insufficient
motivation, as well as the lack of simple assays by which large number of
potentially active compounds could be screened. Because there are currently
only a few correlations of gap junction channel dysfunctions or gene mutations
with diseases, the pharmaceutical industry has not actively supported the
development of uncoupling agents as a strategy to uncover potential therapeutic
targets. By and large, the uncoupling agents now in general use were discov-
ered as side effects of drugs that had been shown to affect other ion channels.
Little attention has been given to optimization of specificity through pharma-
cokinetic manipulation, and it is not surprising that these tools are lacking. An
exception is the recent use of antibodies directed toward the relatively con-
served extracellular loop domains required for the process of formation of gap
junction channels by docking of two hemichannels, as well as the use of
connexin-mimetic peptides. These strategies offer the possibility of blocking
junctional channels under long-term conditions in situ, perhaps ultimately com-
bining high specificity, potency, and efficacy. The applicability of these
approaches for both short- and long-term studies is highlighted in this chapter.

Although a moderately large number of agents has been shown to reduce
intercellular coupling via gap junctions (Table 1), only a very few are in gen-
eral use. The modes and possible sites of actions of the most useful of these are
reviewed in historical order of appearance in Results and Discussion. Among
these, we discuss alterations in pHi (21,22), long-chain alcohols (i.e., heptanol
and octanol) (23,24), halothane and ethrane (25,26), glycyrrhetinic acid deriva-
tives (27,28), and antibodies against external loop domains of Cx43 (aEL1–42,
Dr. Nedergaard, unpublished results; aEL2–186, ref. 29) and connexin mimetic
peptides corresponding to these regions (30–34).
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2. Material and Methods
2.1. Intracellular Acidification (See Note 1)

Junctional conductance (gj) can be rapidly and reversibly reduced by acidi-
fication of the cytoplasm (21); extracellular acidification does not affect gj.
Intracellular acidification is most easily achieved by bubbling the extracellular
solution with CO2 (to produce H2CO3, carbonic acid) or by adding weak acids
such as acetate, proprionate, or acetate as Na+ salts. Because the nondissociated
form of weak acids are membrane permeant, the efficacy of weak acids as
uncoupling agents is governed by both the extracellular concentration of the
weak acid and by the extracellular pH, as described by the Henderson–
Hasselbalch equation:

pH = pKa + log [BA]/[HA]

where [HA] is the concentration of a weak acid, [BA] the concentration of its
membrane-permeant salts, and Ka is the apparent dissociation constant of the
acid, i.e., the tendency to give rise to free hydrogen ions.

2.2. Halothane (Fluothane) (See Note 2)

Halothane (Halocarbon Lab, North Augusta, SC), 2-bromo-2-chloro-1,1,1-
trifluoroethane (C2HBrClF3; mol wt 197.39) (see Fig. 1), is a nonflammable

Table 1
Agents that Reduce Coupling

Lipophiles
Arachidonic acid
Doxyl stearic acids
Heptanol, octanol
Halothane
Oleic Acid
2,3 butanedione monoxime
Oleamide and derivatives

Acidifiers
Weak acids (CO2, lactate, acetate, etc)
Nitrobenzyl esters
Nigericin
Dinitrophenol

Tumor promoters
Dieldrin
Phorbol esters
DDT

Antibodies, peptides, antisense RNA
Extracellular loop antibodies
Connexin mimetic peptides
Connexin antisense RNA

Other molecules
Glycyrrhetinic acids
Anandamide
Diamide
Tricaine (MS222)
Insulin
Gossypol
Testosterone
Tamoxifen
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highly volatile liquid routinely used as a general anesthetic; halothane is the
standard volatile anesthetic to which others are compared. This compound is
sensitive to light and may be stabilized with 0.01% thymol; solubility in water
is 0.35% (17 mM). Halothane is a potent and readily reversible uncoupling
agent when applied at concentrations ranging from 2–3.5 mM; however, its
action is not at all specific for gap junction channels. A halothane concentration
of 43 µM (approx 1 MAC [minimum alveolar concentration]) has been shown
to potently suppress acetylcholine-induced currents in the 3 2 subunit com-
position of the neuronal nicotinic acetylcholine receptor (35). Recent studies
have demonstrated that this volatile agent may bind to discrete sites on a diverse
number of protein targets, altering both local protein dynamics and global pro-
tein stability. In general, halothane tends to depress neuronal firing and excita-
tory synaptic transmission and to potentiate synaptic inhibition. These actions
are mediated by inactivation of a variety of both voltage-dependent and ago-
nist-triggered currents; in addition to action on gap junctions, halothane has
been shown to:

(1) Alter inhibitory postsynaptic currents (IPSCs) in hippocampal neurons through a
direct postsynaptic action (36,37).

(2) Suppress Ca2+ influx into presynaptic terminals, thereby accounting for the
depression of excitatory synaptic transmission (38).

(3) Block both TTX-resistant and TTX-sensitive Na+ channels (39,40).
(4) Inhibit the function of certain glutamate receptor subtypes (e.g., GluR3), but

enhance kainate (GluR6) receptor function (41,42) (results with chimeric
receptors implicate that Gly-819 in the transmembrane region [TM4] of GluR6 is
critical in the action of halothane).

Fig. 1. Structure of some of the most commonly used gap junction inhibitors. (A)
Halothane (fluothane); (B) Enflurane (ethrane); (C) heptanol; (D) glycyrrhetinic acid
derivatives: 18 -glycyrrhetinic acid and 18 -glycyrrhetinic acid (R=H); carben-
oxolone (R=NaOOC(CH2)2CO–).
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(5) Antagonize glutamatergic neurotransmission at the N-methyl-D-aspartate
(NMDA) receptor (43).

(6) Inhibit the function of muscarinic receptors (M1) through activation of protein
kinase C (44,45).

(7) Activate K+ channels (46,47).
(8) Inhibit thromboxane A2 (TXA2) signaling at the membrane receptor (48).
(9) Modulate -aminobutyric acid (A) (GABA[A]) receptor function (36–38).

2.3. Heptanol and Octanol (See Note 3)

Higher alcohols such as heptanol (mol wt 116.2) and octanol (mol wt 130.2)
block junctional conductance in a wide range of cell types and tissues. These
aliphatic alcohols are miscible with ether, benzene, chloroform, and alcohols;
solubility in water is 0.096 mL/100 mL (~ 1 mM). The potencies of these com-
pounds to block intercellular communication are inversely related to the length
of the aliphatic chain, the dose required for blockage increasing as the aliphatic
chain is shortened (i.e., 20 mM ethanol [49], 2–3 mM heptanol, and 1 mM
octanol [50–52]). Because of their low solubility in aqueous solutions,
alchohols longer than eight carbons are rarely used. As with ethanol, these
aliphatic alcohols (Sigma Chemical, St. Louis, MO) unspecifically perturb the
function of ion channels and other proteins.

2.4. 18-Glycyrrhetinic Acid and Carbenoxolone (See Note 4)

The - and -stereoisomers of 18-glycyrrhetinic acid (3-hydroxy-11-oxo-
18,20-olean-12-en-29-oic acid; FW 470.7) and carbenoxolone (3-hydroxy-11-
oxoolean-12-en-30-oicacid 3-hemisuccinate; disodium salt; FW 614.7) are
available from Sigma Chemical. The structure–activity relationships for
glycyrrhetinic acid derivatives are illustrated in Fig. 1. In addition to their actions
on gap junctions, licorice and its analogs have been shown to interact with
mineralocorticoid receptors and to inhibit the enzyme 11-dehydrogenase (53–55),
resembling symptoms caused by excess mineralocorticoid secretion (i.e.,
pseudo-aldosteronism). These side effects have led to use of carbenoxolone
in trials for the treatment of gastric ulcer (56). Carbenoxolone has also been
shown to shift the reversal potential of the opioid current in locus coeruleus
neurons to the K+ equilibrium potential.

2.5. Arachidonic Acid and Oleamide (See Note 5)

Arachidonic acid (5,8,11,14-eicosatetraenoic acid, FW 304.5) is a precursor
of prostaglandins and leukotrienes and has been shown to activate protein
kinase C and to interfere with the Vm-sensitive gating mechanism of gap junc-
tion channels (50,57). Oleamide (cis-9-octadecenamide; oleylamide; FW
281.5) is an endogenous fatty acid primary amide that possesses sleep-induc-



452 Rozental et al.

ing properties in animals and has been shown to potentiate the function of
serotoninergic (5-HT1A and 5-HT2A) receptors and benzodiazepine-sensitive
GABA systems (58–62). Both arachidonic acid and oleamide have been shown
to block gap junctional communication at 10 µM and 100 µM, respectively.
Whereas arachidonic acid uncouples cells of all types, effects of oleamide have
been reported to be cell type specific, working more effectively on astrocytes
than on cardiac myocytes (62,63).

2.6. Closure of Gap Junctional Channels
by Transjunctional Voltage (See Note 6)

The dependence of junctional conductance on transjunctional voltage was
first demonstrated in amphibian embryonic cell pairs using the dual voltage
clamp technique (64). In these and all mammalian gap junctions thus far stud-
ied, application of large Vj steps of either polarity caused a strong decline of
the junctional current to a nonzero steady-state level, whereas small Vj steps
produced no appreciable change in junctional conductance.

2.7. Targeted Gap Junction Disruptors

Recently, several laboratories have contributed to set new uncoupling strat-
egies by developing antibodies against external loop domains of connexins
and mimetic peptides corresponding to these regions.

1. Rabbit polyclonal antibodies and Fab fragments were prepared by Maiken
Nedergaard against peptides corresponding to the amino acid residues 46–76 of
Cx43 gap junctional protein Before use, the prepared Fab fragments were
dialyzed against serum-free phosphate-buffered saline (PBS), then concentrated
by centrifugation through Centricon-30 filters. According to Dr. Nedergaard
(personal communication), EL1–46 antibodies should be used at a concentration
of 60 mg/mL and cells should be incubated for at least 3 h before testing (3–18 h)
(see Fig. 2). Efficacy: Coupling among astrocytes can be reduced up to 70% by
60 mg/mL of EL1-46 antibodies.

2. An affinity-purified polyclonal antibody (EL2-186) which immunoreacts with
positions 186–206 of Cx43 was produced in rabbits by Hofer and Dermietzel
(29) and shown to yield a robust signal on Western blots. The EL2-186 antibody
has the ability to recognize external loop domains of hemichannels and recog-
nizes additional bands at positions corresponding to 30 kDa and 32 kDa in brain
homogenates (presumably Cx32 and perhaps another connexin species). This
cross-reactivity is expected, as sequence homology of the peptide for immu-
nization is >70% with the corresponding Cx32 sequence. According to the
authors, EL2-186 antibodies should be used at a concentration of 30 mg/mL and
the cells should be incubated for at least 12 h before testing (see Fig. 3; for more
details, see ref. 29). Efficacy: Coupling among astrocytes can be reduced up to 50% by
30 mg/mL of EL2-186 antibodies.
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3. Connexin-mimetic polypeptides possessing sequence homology to selected
amino acid sequences of rat connexins were synthesized. Among them, Gap 27
peptide (amino acid sequence: SRPTEKTIFII; possesses conserved sequence

Fig. 2. EL1-46 (extracellular loop) Antibodies directed against Cx43 reduces astro-
cytic cell-to-cell contact. (A) Predicted topology of Cx43 with four transmembrane
segments, two external loops (EL1 and EL2), and the N- and C-termini located at the
cytoplasmic side of the membrane. To analyze the function of Cx43 in astrocytes, a
polyclonal antibody was raised against the sequence that covered position 46–76 at
EL1 (indicated by outer black line). (B) Immunolabeling of confluent culture of corti-
cal astrocytes with the antibody directed against EL1. Cx43 immunoreactive plaques were
located in areas of cell-to-cell contacts. Eighteen-hour incubation of a confluent astro-
cytic culture in the antibody Fab fragments (60 mg/mL) led to loss of their native flat
epithelioid phenotype (C) and transformation into loose spindle shaped cells with few
cellular contacts as previously noted (D). Incubation in antibodies to 8D9 or L1 or
vehicle (PBS) had no such effect. Immunocytochemistry and functional coupling
assay: Cells were plated on 12-mm uncoated coverslips (0.5–1 × 105 cells/mL) and
fixed 1–2 d later with 4% paraformaldehyde. Cultures were permeabilized with 0.1%
Triton X-100 and blocked with 10% normal goat serum. The dye transfer technique
was adapted from Goldberg et al. (128). Cells were loaded with CDCF diacetate for
5 min, washed, and trypsinized. After resuspension, cells were labeled in suspension
with 10 M DiIC18 (5) (Molecular Probes) for 10 min and mixed with unlabeled cells at
a 1:250 ratio. One hour after plating on polylysine-coated dishes, dye transfer from the
CDCF/DiIC18 labeled (donor) cells to unlabeled (recipient) cells was evaluated using
confocal scanning microscopy. These results suggest that gap junction formation is a
regulator of astrocytic phenotype. (Figure provided by Dr. Maiken Nedergaard, New
York Medical College, Valhalla, NY, USA.)
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homology to a portion of the second extracellular loop leading to the fourth trans-
membrane connexin segment) and Gap 20 peptide (EIKKFKYGC; possesses
sequence homology with the intracellular loop of Cx43) has been mostly used in
functional assays; the latter is used as a biologically inactive control when applied

Fig. 3. EL2-186 (extracellular loop) antibodies inhibit LY transfer among primary
astrocytes. (A) Western blots of homogenates from different brain regions and heart
tissue using the antibodies CT-360 and EL2-186 (lanes 1 and 5, heart controls; lanes 2
and 6, cerebral cortex; lanes 3 and 7, hippocampus; lanes 4 and 8, cerebellum) (for
more details, see ref. 29). (B–E) Immunogold labeling of astrocytes with EL2-186.
Gold label is concentrated at cytoplasmic processes (B) or filopidia (C,D). (E) Control
with preabsorbed antibody. Magnification: ×85,000 (B,D,E), ×53,000 (C). (Figure
provided by Dr. Rolf Dermietzel, Ruhr University Bochum, Bochum, Germany.)
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extracellularly. At present, the mechanism of action(s) of the connexin-mimetic
peptides is unknown. They: (1) have been shown to delay the assembly of
connexons into functional gap junctions (32); and (2) have been suggested to act
directly by destabilizing the interactions between the extracellular loops in pre-
formed gap junction channels (33). Typically, the Gap 27 peptide is used within
the range of concentrations of 300 µM up to as high as 10 mM. Efficacy: Cou-
pling among cells incubated overnight can be reduced up to 80% by 10 mM
Gap27 peptide; the IC50 is 300 µM. Irrespective of the mechanism of action, syn-
thetic peptides have been reported to preferentially inhibit one type of gap junc-
tion in cells expressing multiple connexin types (34).

4. Polyclonal antibodies directed to synthetic oligopeptides corresponding to the
amino acid sequences corresponding to residues 363–382 (the carboxy[C]-termi-
nus) of rat Cx43 were prepared by immunizing rabbits with the peptide
YPSSRASSRASSRPRPDDLEI, synthesized according to Merrifield (66). Effi-
cacy: Diffusional communication in microinjected cultured neonatal rat heart
cells is promptly reduced in about 50% by 0.8 mg/mL a363–382; the failure to
observe an effect in a higher proportion of assays has been correlated with the
difficulty of controlling the volume of microinjected fluid; the presence of junc-
tional channels made up of other cardiac connexins, such as Cx40 and Cx45,
could provide another explanation. It is suggested that the blocking of junctional
communication by these antibodies results from interference with a regulatory
domain of Cx43 (67).

3. Results and Discussion
3.1. The Many Definitions of “Uncoupling”

Strength of functional coupling can be measured in several ways, and each
type of measurement has a different threshold for detection and may depend on
different sets of variables and have different limitations. The most rigorous
type of measurement is that of junctional conductance, which is most simply
achieved on mammalian cell pairs using the dual whole cell voltage clamp
technique. Although this method is exquisitely sensitive at low coupling
strengths (being able to resolve junctional currents flowing through single
channels), modifications are required to measure junctional conductances
above about 10 nS, owing to series resistance errors. What is measured here is
the total current carried by small, mobile, intracellular ions. The simplest
method for determining coupling strength is to measure diffusion of a tracer
molecule such as Lucifer Yellow or neurobiotin after their intracellular injec-
tion, or loading from extracellular space either by scrape-loading or loading
one population of cells with dye esters and then mixing these with unloaded
cells (see Chapter 12). These methods are most sensitive to large changes in
well coupled systems, and we generally see little or no dye coupling in Cx43-
expressing cells when junctional conductance is 2 nS or less. What is measured
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using this technique is permeability to molecules of specific charge and of
large size, although the coculture method is also dependent on rate of gap junc-
tion formation.

Decreases in functional coupling can be due to altered effective size or
charge selectivity of the channel, decreased percentage of time the channel is
open, or decreased number of channels functionally present. For few uncou-
pling agents have detailed enough studies been done thus far to conclude just
how coupling strength is reduced, although as considered below, it is clear that
certain effectors (such as transjunctional voltage and intracellular acidification
or halothane treatment) act through largely independent mechanisms.

Quantitative analysis of connexin-specific permeabilities to fluorescent dyes
and to ions of different sizes have supported the concept that connexins show
differential permeabilities that cannot be predicted only on size considerations,
but strongly depend on the charge of the probe, cell volume, cell input resistance,
junctional capacity and binding of the dye to axoplasmic elements (Lucifer
Yellow [LY] binds irreversibly to organelles). In addition, since pore diameters
vary significantly among homotypic channels and pore diameter can directly
affect ionic permeability depending on the relative strength of the electrostatic
surface charge of the pore and the distance to the permeant ion or molecule,
precise determinations should be performed for each cell type in each specific
condition. Several issues that remain to be rigorously determined include: (1)
whether subconductance states differ in selective permeability when compared
to the main state; and (2) what number of channels represents the threshold for
dye permeation? Without these answers, experimental data regarding the lack
of detection of dye transfer and uncoupling effects may be misinterpreted.

If a few channels effectively modulate a specific effect, partial blockage of
the total number of channels would prevent dye transfer among neighboring
cells and decrease the magnitude but not prevent the expression of the effect.
For example, we have recently showed that bystander killing of adjacent cells
by 20 µM ganciclovir (GCV) is dependent on cell communication via gap
junctions; HSV-tk transfected cells are killed in vitro within 5 d of treatment
with GCV and transmit this toxicity to adjacent cells lacking HSV-tk. In short,
the extent of cell death and sensitivity to GCV depend on the degree of
connexin expression in transfectants and also depend on which connexin
is expressed in the cocultured cells. Our results support the notion of the
bystander effect is dependent on the strength of cell communication via gap
junctions; even when the transfer of the dye LY could not be detected among
weakly coupled cells, cell death was significantly assessed by the fluorescence-
activated cell sorting (FACS) technique (68–70). Thus, the lack of detection of
dye transfer could have been misinterpreted as lack of involvement of gap junc-
tions in the bystander effect. Similarly, the results obtained by treating cells
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with partial uncouplers would be misinterpreted if evaluated only by dye trans-
fer assays.

The use of the terms efficacy and potency has been confused in our field.
Efficacy (or intrinsic activity) is related to the magnitude of the effect (i.e.,
blockade). Potency represents the dependency of the uncoupling effect on its
concentration, the concentration of the drug at which it is half-maximally effec-
tive. Thus, the efficacy of a specific uncoupler is not necessarily related to its
potency as an antagonist . For example, 2–3 mM halothane and 1 mM octanol
inhibit gj by 100%, in contrast to 50 µM oleic acid that inhibits gj by 80%; the
efficacies and potencies in regard to their uncoupling effects are octanol ~ halo-
thane >>>> oleic acid (efficacy) and oleic acid >>> octanol > halothane (potency).

As summarized in Table 1, agents that have been found to reduce junctional
conductance may to some extent be grouped according to hypothesized mode
of action. For example, intracellular acidification sufficient to close gap junc-
tion channels may be achieved by membrane permeant weak acids, by applica-
tion of nigericin in the presence of high K+ and low extracellular pH, by
metabolic inhibition with dinitrophenol and by sufficiently high concentrations
of nitrobenzyl esters. Likewise, several lipophilic compounds uncouple cells,
including doxylstearic acids, heptanol and octanol, halothane, and oleic acid.
Arachidonic acid may exert is uncoupling effect in certain types through direct
action or through cyclooxygenase or lipoxygenase metabolites. For other
agents, such as dieldrin, DDT and phorbol esters (TPA), there is a phenomeno-
logical correlation with their action as tumor promoters, but whether TPA (and
the endogenous protein kinase C activator diacylglycerol) exert their action
through an accompanying phosphorylation of the connexin proteins remains
controversial. Finally, many of the agents used to close gap junction channels
have no known mechanism of action, and it remains to be determined whether
effects are directly on the channel protein or through other effects on the cell.
In the sections that follow, we have briefly summarized some of the informa-
tion available regarding modes of action of uncoupling agents.

3.2. Modes of Action of Uncoupling Agents

3.2.1. pH

Gap junction channels composed of different connexins seem to have dif-
ferent pH sensitivities. For example, Cx45 channels expressed in SKHep1 cells
are mostly closed at an intracellular pH value of 6.7 (71), implying a pK value
near pH 7 and a high Hill coefficient, whereas the apparent pK measured for
Cx43 in a number of cell types is about 6.5, with a lower Hill coefficient
(51,71,72). In early quantitative studies of gap junction sensitivity to pH, it
was hypothesized that the Hill coefficient might reflect the cooperative titra-
tion of sites on the connexin molecules, within the connexon (73). Based on
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the nearly neutral pK of the pH sensitivity, histidine residues initially seemed
likely candidates for the pH sensor, and it was proposed that perhaps those
residues located within the cytoplasmic loop of the connexin molecules might
participate (74). Mutagenesis and expression of altered Cx43 and Cx32 sequences
in Xenopus oocytes have revealed that this region may participate in some
connexins but not in others. For Cx43, the most amino (N)-terminal histidine
residue within the cytoplasmic loop seems to participate in acidification-
induced channel closure, acting as a binding site for a region within the C-termi-
nus (see ref. 75).

A different mechanism has been proposed for Cx32, where positively
charged residues are hypothesized to be the pH responsive portions of the pro-
tein (76). Coexpression of low pH sensitivity Cx32 mutant proteins along with
wild-type Cx32 has been reported to rescue wild-type pH sensitivity, implying
that cooperativity between the titration of charges among the connexin sub-
units is not required for channel closure (77).

3.2.2. Voltage

The sensitivity of junctional conductance to transjunctional voltages was
found to be well described by the Boltzmann equation:

gj = (gmax – gmin)/{1 + exp[A(V – V0 )]} + gmin

where gj is steady-state junctional conductance, gmax and gmin are the maximal
and minimal conductances obtained at lowest and highest Vj , V0 is the voltage at
which the voltage-sensitive component of gj (gmax – gmin) is reduced by 50%,
and A is a slope factor from which the equivalent number of gating changes, n,
can be calculated (22). Channels of each connexin type display distinct
Boltzmann parameters but for most, steady-state conductance is highest at 0 mV
and decreases with voltages of each polarity.

Single-channel studies reveal that voltage sensitivity involves interconvert-
ing transitions between the fully open state (O) and the voltage-insensitive or
residual conductance substate (Os) (78,79). The ratio of the unitary conduc-
tances of the main open state and the subconductance state has in all cases been
found to be similar to the gmin/gmax ratio, thus indicating that the residual con-
ductance gmin seen at high Vj arises from channel transitions occurring from the
main state to the residual subconductance state (79,80). Single-channel open
probability measurements further indicate that the voltage sensitivity of the
macroscopic conductance is due to the ensemble activity of identical and inde-
pendent channels (78,80).

Molecular mechanisms of voltage dependence gating remain to be fully
determined. Connexins do not contain a highly charged helical motif upon
which the voltage gradient is likely to act, and voltage sensitivity seems to
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depend on several regions of the protein, including a proline residue in the
second transmembrane domain (81) and charged residues in the amino termi-
nus and at the M1–E1 margin (82). Nevertheless, conceptual understanding of
just which residues are the voltage sensors and how sensing of the voltage field
is transduced into conformational change resulting in channel closure remain
to be refined.

The mechanism of pH-induced gap junction channel closure differs from
that caused by transjunctional voltage in that there is no detectable residual
conductance or substate associated with acidification-induced gating. Single-
channel studies further suggest that acidification produces slow transitions
between open and closed states, in contrast to the rapid transitions between O
and Os caused by Vj (83).

3.2.3. Ca2+ as an Uncoupling Agent

More than a century ago, Engelmann (84) discovered that when a small
region of myocardium was cut in normal physiological salt solution, adjacent
tissue initially rendered quiescent eventually recovered its responsiveness and
contractility. Subsequent studies found that recovery occurred less rapidly
when Ca2+ was removed from the medium (85,86), although it was accelerated
in low Ca2+ solution if pH was lowered (87). These findings have been inter-
preted as indicating that both Ca2+ and H+ ions can close gap junction chan-
nels, thereby allowing injured cells to repolarize when uncoupled from the
damaged cells.

Cells do uncouple when Ca2+ levels are sufficiently elevated, but it has
remained somewhat controversial whether concentrations of Ca2+ required for
closure of gap junction channels are obtained under physiological or patho-
logical situations and whether this ion acts independently or by changing pH or
by binding to an accessory molecule. Several studies have examined responses
of junctional conductance to either changing pH or changing internal Ca2+

while concentration of the other ion was held constant. Such studies on inter-
nally perfused fish embryonic cells indicated that pH sensitivity was high
(apparent pK about 7.3, Hill coefficient about 4), whereas Ca2+ sensitivity was
low (apparent pK about 3.5, Hill coefficient about 1: refs. 73,88). Other work-
ers, using different preparations and different methods, have obtained results
that are at odds with each other and with the studies cited above. In a early
study using cardiac myocyte pairs, in which one myocyte was broken open to
allow direct manipulation of intracellular pH and Ca2+, Noma and Tsuboi (89)
measured an apparent pK for uncoupling by H+ (6.1) that was independent of
Ca2+, whereas the pK for uncoupling by Ca2+ was pH-sensitive (6.6 to 5.6 at
pH values of 7.4 and 6.5). Firek and Weingart (90) directly examined pH and
Ca2+ sensitivity in neonatal cardiac myocytes in which ionic concentrations of
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each were well buffered. Their values for the apparent pK of Ca2+-induced
channel closure were about 3.5 and for H+ ions were near 6; when concentra-
tions of both Ca2+ and H+ ions were increased, junctional conductance was
reduced further, supporting an additive interaction of these cations in inhibi-
tion of junctional communication. White et al. (91), by contrast, reported the
lack of appreciably uncoupling of cardiac myocytes with either low pH or high
Ca2+ when the cytoplasmic concentration of the other ion was maintained at
low levels.

If there is synergism between H+ and Ca2+ ions in the closure of gap junction
channels, this might arise from competition for the same sites on the connexin
molecules, with different affinities for the two ions. Alternatively, an interme-
diary molecule with binding sites for both ions might be involved, such as
calmodulin (92,93).

3.2.4. Sensitivity to Glycyrrhetinic Acid Derivatives

Glycyrrhetinic acid derivatives have been shown to reduce intercellular coup-
ling via gap junctions (27,28,94–102). The effects of glycyrrhetinic acid and
carbenoxolone on junctional conductance are illustrated in Figs. 4 and 5.
Basically, 18 -glycyrrhetinic acid and 18 -glycyrrhetinic acid and carbeno-
xolone mediate concentration-dependent inhibition of junctional conductance
by 60% and 80%, respectively; complete blockade of gap junction channels
is not observed even with concentrations up to 100 µM. These results that
18 -glycyrrhetinic acid and related compounds do not totally uncouple even
though dye transfer may be undetectable are consistent with reports from others
(102). At concentrations above 75 µM, cytotoxicity and irreversibility become
an issue with these agents.

3.2.5. Modes of Action of Lipophiles: Lipid Chaos or Protein
Binding Sites?

Alcohols, specifically heptanol and octanol, were discovered by Fidel
Ramon and his colleagues to uncouple crayfish axons (24). These compounds

Fig. 4. (Opposite page) Effects of glycyrrhetinic acid derivatives on intercellular
junctional communication of cultured mouse hippocampal neural progenitor cells
(129) (A–J) and mouse cardiac myocytes (K,L) as shown with the scrape-loading
Lucifer Yellow transfer and dual whole-cell voltage-clamp techniques. The methods
for the scrape loading technique were adapted from El-Fouly et al. (130). A–J. Cells
were incubated for 30 min with 18 -glycyrrhetinic acid (75 µ) (C,D), carbenoxolone
(75 µM) (E,F), heptanol (2 mM; positive control) (G,H) and glycyrrhizic acid (75 µM;
negative control) (I,J) prior the experiments were performed for each condition.
Control (A,B). (K,L) Junctional conductance measurements revealed that coupling
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strength between myocytes is reduced by 50–60% by glycyrrhetinic acid derivatives.
Cells were treated for 30 min with 75 µM 18 -glycyrrhetinic acid (K2). (L2) Cells
treated for 30 min with 75 µM 18 -glycyrrhetinic acid. Command voltage pulses were
applied alternately to cells 1 and 2. Currents in the same cell in which the voltage step
is applied represent the sum of conductances of junctional and nonjunctional
membranes; junctional currents are recorded in the other cell. Calibration bars:
horizontal, 15 s vertical, 30 mV (V1, V2), 250 pA (I1, I2). Note that adjacent cell
remained dye and electrically coupled in the presence of the above glycyrrhetinic acid
derivatives. Similar results have been described by Martin et al. (102).
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have subsequently been shown to be effective in every mammalian tissue
examined, and the reduction in junctional conductance is generally rapid, com-
plete, and reversible at concentrations in the range 0.1–3 mM (e.g., 103). Hal-
othane, a volatile anesthetic with arrhythmogenic properties, also totally and
reversibly uncouples all mammalian cell types that have been examined. This
action can occur at concentrations lower than those affecting excitability (Fig. 6G),

Fig. 5. Carbenoxolone reduces the strength of coupling in cardiac myocytes in a
concentration dependent-manner. However, as described for 18 -glycyrrhetinic acid
and 18 -glycyrrhetinic acid, complete blockade was never observed. A 100 µM
carbenoxolone concentration caused a inhibition of gap junction channels by 80% and
no further inhibition was observed even when the carbenoxolone concentration was
increased to 300 µM.
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implying relative specificity of their action on junctional channels (26,104). It
has been proposed that these agents may act through membrane fluidity
changes, either due to increased bulk fluidity (105) or decreased fluidity of
cholesterol-rich domains (106), although an alternative mode of action involv-
ing domains at specific depths within the lipid bilayer was suggested by experi-
ments using doxyl-stearic acid probes (107) and might be inferred from studies on
astrocytes using a wide variety of oleamide derivatives (63). Like acidification-
induced uncoupling, lipophile uncoupling does not induce substates in gap junc-
tion channels, but rather completely closes the channels to zero conductance.

A major question regarding the mechanism of action(s) of pharmacological
uncoupling agents is whether they act through binding to specific sites in the
connexins or exert an action through changing properties of the lipids in which
connexons are imbedded. For anesthesia in general this issue is unresolved; the
widely varying structures of the lipid soluble substances to which gap junc-
tions are sensitive or resistant (see Fig. 1) suggest that the uncoupling agents
interact directly with specific binding sites within or nearby the junctional chan-
nel although this is by no means proven.

The state of general anesthesia is a drug-induced absence of perception of
all sensations (38,108). A large number of structurally unrelated agents are
capable of producing anesthesia, including inert gases, simple inorganic and
organic compounds (i.e., nitrous oxide), and more complex organic molecules
(i.e., halogenated alkanes and ethers); although they all induce anesthesia, no
specific chemical group is required for this activity (109). However, their wide
structural differences confer limitations and disadvantages of their utilization
in each specific situation. Because of their nonspecific effects on several dif-
ferent ionic channels, it is not surprising that a subgroup of the general anes-
thetics also uncouple cells. Particularly, oleamide has been suggested to be a
possible endogenous analogue of general anesthesia (109). This concept is
worth considering because it would represent a new form of modulation of
anesthesia.

Evidence that general anesthetics bind to specific sites on proteins has come
from studies showing that the activity of the firefly luciferase, a soluble lipid-
free enzyme, can be modulated by a diverse range of anesthetic agents at IC50

concentrations similar to their EC50 values for producing anesthesia. In addi-
tion, the strongest indication of the existence of specific binding sites for gen-
eral anesthetics comes from studies based on physicochemical characteristics
and stereoselectivity, potency and efficacy. For example, although isoflurane
and enflurane are isomers (Fig. 1), they differ in their pharmacological proper-
ties. More strikingly, stereoisomers differ in their anesthetic potency two-fold
(e.g., the optical isomers of thiopental and pentobarbital; Table 1); several



464 Rozental et al.

Fig. 6. Halothane blocks different types of ionic channels in a concentration-depen-
dent manner. (A) Uncoupling of cardiac myocytes by 1.5 mM halothane under dual
whole-cell voltage-clamp conditions. Note that both uncoupling and its reversal are
rapid processes. Cells were clamped at 0 mV and command pulses of –10 mV were
delivered to one cell and currents were recorded in both cells. Junctional currents
are upward transitons above baseline in I1 and I2. (B) Time course for uncoupling by
halothane (1, 1.5, and 2 mM). (C–F) Influence of halothane on action potential
configuration and propagation under current clamp configuration. Cell 2 is stimulated
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studies show that at least for the barbiturates, the S isomer is more potent than
the R isomer (110,111).

Although halothane is not very potent, about 2–3 mM being required to inhibit
junctional currents completely, this agent currently may be one of the least
toxic uncoupling agents available. One potentially useful direction for the field
would be to determine whether available or novel derivatives of halothane
would exert more potent and selective actions on gap junction channels than
the parent compound. Furthermore studies of potency and efficacy of stereoi-
somers should be revealing as to mode of action.

3.2.6. Uncoupling by Design: Engineered Uncoupling Agents

A novel approach recently pursued by several laboratories has been to apply
connexin antibodies (112,113) or polypeptides corresponding to extracellular
domains (e.g., ref. 29 and Dr. Nedergaard, unpublished results), in the hope of
occupying binding sites on the extracellular aspect of connexons, thereby
inhibiting channel formation. The block of functional coupling achieved by
these agents has been remarkable, as has been the use of antisense oligonucle-
otides corresponding to Cx43 and Cx40 sequences (114–117). The use of domi-
nant-negative strategies, in which a connexin construct is expressed that
inhibits functional channel formation by other connexins, has also been suc-
cessful in studies of Xenopus and mouse development (118–120), and improved
potency and efficacy are current goals of several laboratories that should prove
useful in future studies of transgenic animals and of cultured cells.

Astrocytes are connected by gap junctions in situ and in culture. The iden-
tity and properties of astrocytic gap junction channels have been characterized
by immunocytochemical, molecular biological, and electrophysiological tech-
niques (121–126). These studies have demonstrated that although Cx30, Cx40,
Cx43, Cx45 and Cx46 are expressed in rodent cortical astrocytes, these glial
cells are ~ 90–95% connected by Cx43; the residual 5–10% coupling contrib-
uted by the other Cx types were estimated from dual whole-cell recordings
between astrocytes from Cx43 knockout mice (127). Thus, one would expect

(Continued from opposite page) in C (before halothane), D (after uncoupling), and F
(following recovery). In E, cell 1 is stimulated while cells are uncoupled. (G) Voltage-
gated ion channels are also sensitive to halothane. Note that general anaesthesia in
humans (�), as measured by lack of response to a surgical incision, occurs at concen-
trations of halothane 4–30 times lower than the EC50 concentrations needed to half-
inhibit peak currents through L-type Ca2+ channels from the pituitary cells, Na+

channels from the squid giant axon, delayed rectifier K+ channels from the squid giant
axon, and gap junction channels from rat cardiac myocytes (Figures A–F adapted from
ref. 26; G from ref. 108).
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coupling efficiency by dye spread to be virtually absent among primary astro-
cytes treated with specific antibodies against Cx43.

Polyclonal antibodies recognizing the extracellular loops I and II of Cx43
have been suggested to inhibit junctional coupling completely with EC70 and
EC50 values of 60 mg/mL and 30 mg/mL, respectively (see Figs. 2 and 3). Both
authors suggest that the cells should be incubated with their antibodies for a
12-h period prior to the performance of the functional assays. The time for the
duration of their treatment was derived from densitometric measurements of
Cx43 over a chase period of 8 h; accordingly, Dermietzel has shown that Cx43
half-time is between 2 and 3 h (29) and exceeding 4× the half-time should fully
inhibit gap junction mediated intercellular communication. In addition, both
authors state that their antibodies also recognize and block other Cx types.
Nevertheless, the drawback regarding the use of the above EL1 and EL2 anti-
bodies is the large residual dye coupling (30% and 50%, respectively) in treated
astrocytes and the additional blockage of other Cx types. Thus, although these
preliminary results are encouraging, the efficacy, toxicity and other side effects
mediated by the EL1 and EL2 antibodies have yet to be compared with those of
the “conventional” uncoupling agents discussed in this chapter.

Short synthetic peptides possessing the amino acid motifs QGP and SHVR
of extracellular loop 1 and the SRPTEK motif of extracellular loop 2 have been
shown to inhibit intercellular communication via gap junctions composed of
Cx43. A short peptide termed Gap 27 has been shown to be a potent and rever-
sible inhibitor of the gap junction channels formed of Cx43 and has been reported
as a specific uncoupling agent of both hetero- and homocellular gap junctional
communication. However, like most of the “uncoupling” agents available, this
peptide does not totally block intercellular communication. For example, although
the vascular attenuation of the response induced by cholinergic agents by Gap
27 peptide is concentration dependent, ranging from 50% (300 µM) to 80%
(10 mM), it does not reach 100% blockade (33). Thus, although Gap 27 appears
to be a potent partial antagonist of junctional communication, with potency
higher than for the external loop domain antibodies, it does not exceed the
efficacies described for the antibodies or for uncoupling agents such as
heptanol, halothane, or glycerrhetinic acid derivatives.

3.3. Conclusion

In general terms, there are three ways of depressing cell-to-cell signaling:
(1) binding to the channel and affecting gj; (2) alterations of the lipid environ-
ment around the channel, and (3) indirect effect(s) on the channel through a
change in pHi or [Ca2+]i. Decrease of Po of the junctional channel by com-
pounds with no apparent structural relationship is postulated to occur by par-
ticular combinations of the aforementioned events. However, given the lack of
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specific antagonists, the functional distinction of specific binding site within
the channel is difficult at the present time. To date, the pharmacological agents
used to block gap junction channels have not been very discriminatory. Hal-
othane, heptanol, octanol, 18 - and 18 -glycyrrhetinic acid, and carben-
oxolone rapidly inhibit coupling among cells but their mechanism of action is
not known. In contrast to halothane, heptanol, and octanol, the blockade medi-
ated by 18 - or 18 -glycyrrhetinic acid and carbenoxolone is not complete or
fully reversible. In contrast, the potency of these compounds in inhibiting gap
junction permeability is much higher than that shown by the volatile agents:
carbenoxolone >18 -glycyrrhetinic acid and 18 -glycyrrhetinic acid >>> octanol
> heptanol > halothane. Neither 18 -glycyrrhetinic acid nor 18 -glycyrrhetinic
acid or carbenoxolone completely inhibits intercellular communication via gap
junctions up to concentrations of 100 µM; increasing concentrations are not
indicated because of the cytotoxicity mediated by these agents. Affinity-
purified antibodies (EL1-46 and EL2-186) prepared against extracellular loops
of Cx43 and peptides corresponding to these regions presumably provide a
more selective blockade of junctional channels than the drugs described in this
review. However, we suggest caution in using these agents because of their
limited efficacy. Future experiments are clearly necessary to explore the
mechanisms by which junctional conductance can be reduced and to design
better tools with which to block these channels.

4. Notes
1. Although all gap junction channels appear to be pH sensitive, some are more

sensitive than others; however, all gap junction channels seem to be closed when
pHi is lowered to values near 6. Such low values can be achieved by substituting
20 mM of the Na+ salts of lactate, propionate, or acetate for NaCl in the extra-
cellular solution and buffering the solution to pH 6.5 with the low-pK buffer
4-morpholinepropanesulfonic acid (MOPS). Alternatively, cells can be super-
fused with external solutions and equilibrated with air/CO2 mixtures (100% to
50% CO2). To ensure that sufficient intracellular acidification is achieved, pH
should ideally be monitored using ratiometric fluorescent pH indicators or intra-
cellular pH-sensitive microelectrodes.

2. Halothane is supplied in amber bottles with 0.01% (w/w) thymol. The recom-
mended storage conditions are to keep the bottle securely closed and to avoid
excessive heat. Stock halothane solutions are prepared in physiological solutions
(e.g., Tyroide’s or Ringer’s) (1:1 v/v) and kept at room temperature (21–22°C);
the concentration of the anesthetic in the saturated stock solution was determined
by gas chromatography of extracted samples as 17 ± 1.5 mM (26). Serial dilu-
tions are made immediately prior to each experiment, and optimal concentrations
of halothane to uncouple cell pairs range from 2 to 3 mM; this procedure provides
a highly reproducible uncoupling effect.
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3. Heptanol and octanol are freshly diluted from 200 mM stock solution in 95% etha-
nol. Addition of 3–5 mM ethanol alone has no effect on junctional conductance,
but should be applied as a control for unspecific effects mediated by alcohol.
Hexanol, which is also inactive at concentrations below 5 mM, provides an addi-
tional control.

4. 18 - and 18 -glycyrrhetinic acid ( GA, GA) are insoluble in water; they are
miscible with dimethyl sulfoxide (DMSO), chloroform, and ethanol. Stock solu-
tions of up to 100 mM can be prepared in DMSO or a mixture of DMSO and
ethanol (2:3 v/v). Final solvent concentration should be 0.5% or less and appro-
priate solvent controls should be included in each experiment. Glycyrrhizic acid
(Sigma Chemical, St. Louis, MO), a glycyrrhetinic acid analog with no uncou-
pling effects, should be used as a control for the nonspecific effects of vehicle
and acid. Carbenoxolone is water soluble.

5. Arachidonic acid is available from Sigma Chemical (St. Louis, MO) both as
a sodium salt and as free acid. Stock solutions should be prepared in ethanol
(10 mg/mL) or in DMSO (10 mg/mL, but needs sonication); be aware that its
initial decomposition at 37°C may result in a purity loss of 10% over a 3-d period.
Oleamide is available from Sigma Chemical (St. Louis, MO). Special consider-
ations should be given when mixing these agents with albumin/globulin contain-
ing media, which have high affinity for these compounds, thereby changing
effective concentration.

6. Both transient and sustained uncoupling by voltage require large Vj gradients that
are difficult to generate except under conditions where space clamp is achievable
(as in voltage-clamped cell pairs). Moreover, the completeness of channel closure
is limited at high voltages by the residual conductance of the substate. Neverthe-
less, Vj gradients have been maintained adequately long to allow measurement of
junctional permeability (65).
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