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2.1 INTRODUCTION

Research over the past years has shown that gap junctions, comprised of connexins,
are highly dynamic structures. Connexins are synthesized, oligomerized into con-
nexons, trafficked to the plasma membrane, docked into double-membrane span-
ning gap junction channels, assembled into gap junction plaques, internalized, and
degraded. This dynamic nature apparently ensures proper gap junction function by
regulating the level of direct cell-to-cell communication and of physical cell-cell
adhesion. Gap junction dynamics correlates with the short half-life of connexins that
has been determined to range from 1-5 hours in vivo and in situ (Berthoud et al.
2004). The dynamics of protein structures such as gap junction channels are best
studied and demonstrated in live cells. To investigate the individual steps of the life
cycle of connexins and gap junctions over time, the time-lapse imaging of fluores-
cently tagged connexins appears to be the most suitable method, as it provides spatio-
temporal resolution in real time. Imaging fixed cells with either fluorescently tagged
connexins or untagged connexins stained with a fluorophore is useful for colocaliza-
tion studies of connexins with associated proteins. Additionally, it can offer hints
at the dynamics of the gap junctions when fixing and analyzing multiple dishes at
successive time points. However, fixed cells cannot offer real-time analysis of the
dynamics of the gap junctions. Biochemical studies of gap junctions, which usually
involve western blotting, can give a broad picture of the total connexin population
in cells, but cannot offer information on the dynamics of individual gap junction
plaques. Hence, a combination of approaches including biochemical and imaging
analyses appears most desirable and is likely to produce the most convincing results.
In the following sections, we provide an overview of live-cell imaging techniques as



Imaging Gap Junctions in Living Cells 23

they have been applied over the past two decades in the authors’ laboratory to inves-
tigate the biosynthesis, the structure, and the function of gap junctions. We briefly
discuss microscope requirements, fluorescent probes, and imaging systems. Then we
discuss how to image specific stages of the gap junction life cycle such as traffick-
ing, endocytosis, and degradation. Next, we describe how to make observations of
the gap junction plaque structure and dynamics, the colocalization of gap junctions
with their binding partners, and how to conduct quantitative fluorescence analysis of
these observations. We then explain the techniques to allow for the imaging of gap
junctions in living cells for several days without significant detrimental side effects.
Finally, we point out pitfalls and typical mistakes that can occur when conducting
live-cell observations on gap junctions and give hints and tips on how to avoid them.

2.2 LIVE-CELL MICROSCOPE EQUIPMENT

Imaging living cells over time requires forethought, planning, and special equipment
to maintain the cells at physiological conditions. Time-lapse imaging of gap junc-
tions can be accomplished either through consistent manual imaging by the operator
or with an automated live-cell video microscope. In general, an automated system
is preferable to a manual system because most time-lapse sessions can last for hours
and require the user to open and close illumination shutters, rotate filters, correct
focal drift, and potentially track several positions all while maintaining identical
time intervals for the entire recording session. Another major advantage of auto-
mated systems is that the cells are exposed to excitation light only during exposures,
which reduces negative, light-induced effects (see Section 2.2.6). Of course, automa-
tion comes with an extra price tag, easily selling for tens of thousands of dollars.

2.2.1 CeLL Curture CONDITIONS

Imaging metabolically driven processes in live mammalian cells requires maintain-
ing normal physiological conditions over time. These include maintaining the cells
at 37°C, 100% humidity, a pH of about 7.5, and a steady unlimited nutrient supply.
Conditions such as these are normally provided in a standard laboratory cell culture
incubator. However, outside of the incubator conditions can rapidly change due to
lower ambient room temperature and lower CO, concentration of air. Indeed, most
dynamic processes in mammalian cells come to a halt at <20°C (Saraste et al. 1986;
Fuller et al. 1985; Saraste and Kuismanen 1984; Matlin and Simons 1983; Rotundo
and Fambrough 1980), so at the very least, a temperature equivocal to body tempera-
ture needs to be maintained. Moreover, the pH of the culture medium, which is nor-
mally adjusted to pH 7.5 at 5% CO, atmosphere, can rise within minutes above pH 8,
creating conditions that are clearly not physiologically ideal and can adversely affect
cellular processes, including dynamics. If live-cell image recordings are designed
to last only a few minutes, the issues mentioned earlier may not pose severe prob-
lems since the temperature can be maintained by placing a small heater or a hair
dryer within close range of the microscope stage. The culture medium may also be
amended with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES) acid buffer
(10-25mM), which maintains the physiological pH of the medium when outside
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the bottom surface of a dish placed on the stage while keeping the cells immersed
in the medium. However, conventional upright microscope systems can also be
used for live-cell imaging if they are equipped with special commercially available
dip-in objectives. The front lens on these objectives is specially sealed so that the
tip can be submersed in the culture medium without damaging it due to corrosion.
These objectives are water-immersion objectives that offer an intermediate qual-
ity (typical NA*: 0.8—-1.2) to air (typical NA: <0.75) and oil immersion objectives
(typical NA: ~1.4) (note that the NA of an objective directly dictates image resolu-
tion). For example, we have used 40x and 60x Nikon Fluor dip-in water-immersion
objectives on an upright Nikon Eclipse ES800 fluorescence microscope with satis-
factory results.

2.2.3  Live-Ce CHAMBERS

Standard cell/tissue culture (TC) polystyrene plastic dishes are not suitable for
high-quality oil immersion objectives, as TC plastic is of poor optical quality com-
pared to glass and is too thick to focus on cells in the dish. Specially designed cell
culture dishes in which a portion of the bottom is replaced with a high-quality,
0.17mm thick borosilicate glass coverslip that is coated with extracellular matrix
proteins for cell adhesion (collagen, fibronectin, etc.) are commercially available
(MatTek Corporation as well as other manufacturers) and are a convenient solu-
tion for many live-cell applications (Figure 2.1a). For longer time-lapse recordings,
specially designed live-cell chambers such as the POCmini-2 (POC Cell Cultivation
Systems, PeCon GmbH) and the Focht Chamber System 2 (FCS2®; Bioptechs) are
commercially available (Figure 2.1b and c¢) and offer better control of environmen-
tal conditions, including medium exchange either by gravity or a peristaltic pump
(Figure 2.1b through d).

2.2.4 ENVIRONMENTAL INCUBATORS

For longer time-lapse recordings that require maintaining 37°C for hours, the con-
struction of environmentally controlled incubators that encase the microscope either
partially or entirely is necessary (Figure 2.1e and f). These incubators not only keep
the cells alive and metabolically active but also help with preventing focal drift (the
gradual tendency of specimens to move out of focus over time), an issue that espe-
cially occurs when different parts of the microscope are maintained at different tem-
peratures (ambient vs. 37°C). Of course, environmental incubators reduce the access
to the working parts of the microscope; thus, multiple doors on all sides are desirable
to ensure adequate access (see Figure 2.1e and f).

* NA = numerical aperture. The numerical aperture of a microscope objective is a measure of its ability
to gather light and resolve specimen details. It is defined by NA = nsina (n represents the refractive
index of the medium between the objective front lens and the specimen, and « is the one-half angular
aperture of the objective).
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2.2.5 CoMBINED MicroscOPE/CELL CULTURE INCUBATORS

More recently, live-cell microscope systems that combine a cell culture incubator, a
fluorescent microscope, and an air-cooled charge-coupled device (CCD) camera all
in one convenient unit, such as Nikon’s BioStation IM-Q (Figure 2.1g), have become
commercially available at an affordable price. They optimize the environmental
conditions and hence eliminate many of the detrimental issues that are prohibitory
to extended live-cell recordings. These systems contain a heated live-cell chamber
(Figure 2.1h) and are connected to a CO, tank. The consistency of the atmosphere
is maintained by a gas mixer, which maintains 5% CO,. The gas mixture is bub-
bled through a concealed water-filled jar (Figure 2.1i) before being pumped into
the chamber, thus maintaining 100% humidity to prevent unintentional evaporation
and concentration of the culture medium. These systems typically allow live-cell
recordings for multiple days (with an image acquired every minute) even with short
wavelength (blue light) illumination as shown for gap junctions in Figure 2.2a and b.
The image resolution/quality is not typically as high as with high-end microscope
systems described earlier. This is because the imaging is performed using lower
numerical aperture, long-distance 20x and 40x objectives that can also be used at
10x, 20%, x40, and %80, depending on the configuration, by swinging additional col-
lector lenses into the light path. However, as evident from image sequences shown in
Figure 2.2a and b, the imaging quality is clearly sufficient to resolve the dynamics of
the gap junctions in living cells, allowing one to follow their entire life cycle (from
plaque assembly to degradation) over time. Two fluorescent wavelengths can be cho-
sen and recorded in addition to phase contrast white light illumination. Additionally,
multiple points of interest in the dish can be programmed in sequence, allowing for
the simultaneous imaging of several locations (gap junctions) over time. As video
microscopes are typically used for longer durations, it is critical to ensure that the
microscope and the live-cell chamber function properly to maintain a favorable envi-
ronment or else the cells will likely die during imaging, or irrelevant recordings of
cells may be generated that do not reflect physiological conditions.

2.2.6 PotenTiALLy Toxic EFrects oF EXcITATION LIGHT

A general issue associated with live cell imaging is phototoxicity, which is espe-
cially pronounced if high-energy short wavelength light (ultraviolet [UV], blue) is
used for excitation (as is needed for cyan fluorescent protein [CFP] and green fluores-
cent protein [GFP]-excitation, see Section 2.4.2). Extensive illumination with bright
light (either continuous or administered in repeated pulses) must be kept to a mini-
mum as the cells typically react negatively by rounding up as shown in the images
in Figure 2.2c and d. The use of neutral density filters, bright high-quantum yield
fluorophores, the reduction of laser power, and simply restricting to a minimum time
that one looks at a specimen before beginning a time-lapse recording will help to
reduce phototoxicity.

Another issue related to illumination that is generally encountered with live-
cell imaging is known as unintentional photobleaching, which is the loss of emit-
ted light by the permanent destruction of the fluorophores. Some fluorescent probes
used in biological applications photobleach quicker (e.g., blue fluorescent protein, CFP,
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Lysotracker Red, Rhodamine) than others (e.g., eGFP, Alexa488, mCherry, mApple).
An example is shown in Figure 2.2e and f. The cells stained with a fluorescently
labeled antibody that decorates the plasma membrane were imaged right after select-
ing a region (Figure 2.2¢), and again a few minutes later (Figure 2.2f). To demonstrate
the significant loss of fluorescence emission, the field diaphragm was partially closed
to restrict illumination to only the central portion of the imaging field. The diaphragm
was then fully opened just before taking the second image. Again, avoiding unneces-
sary illumination in any form and selecting less sensitive and more stable probes may
help to reduce this issue.

2.3 IMAGING TECHNIQUES

2.3.1 Wipe-Fieb Microscopy

Wide-field and confocal fluorescence microscopy are standard imaging techniques
which are routinely used in live-cell imaging, including gap junction research. Both
techniques have their advantages and disadvantages and produce images of different
appearance (see Figure 2.3a through c). This makes one technique preferable over
the other depending on the research goal. More specialized imaging techniques such
as total internal reflection fluorescence (TIRF) microscopy, a technique that only
detects fluorescent signals in the immediate vicinity of the coverslip surface (up to
a few hundred nanometers from the surface, see Section 2.7.2); and the now com-
mercially available but costly superresolution and two-photon confocal microscope
systems are not required for the investigation of connexins and gap junctions in liv-
ing cells and are not further discussed here.

Wide-field Confocal Deconvolution

FIGURE 2.3 (See color insert.) Imaging techniques and image resolution. Gap junction
plaques assembled from Cx43-GFP were imaged with (a, ¢) wide-field and (b) confo-
cal microscopy. The Z image stack acquired in (c) was deconvolved postacquisition
and a volume view was generated using mathematical image deconvolution algorithms.
High primary image resolution achieved by high-quality, high NA oil immersion objec-
tives is desirable and is required if the structural details of the gap junction plaques
are to be resolved as shown for homomeric gap junction plaques assembled from

(Continued)
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2.3.2 CoNrocAL FLUORESCENCE MICROSCOPY (POINT SCANNERS AND
SwePT FIELD/SPINNING Disk)

Confocal microscopes that use pinholes to achieve confocality (the thickness of the
focal plane that is imaged) collect only a single, 1-2 um thin plane at a time. These
microscopes need to systematically scan the field of view to acquire an image, a pro-
cess that generally takes much longer and requires more intense illumination solely
provided by a laser light source (Figure 2.3b). Commercially available spinning disk
and swept-field confocal systems image multiple focal points simultaneously and are
thus faster. This reduces excitation light intensity and time, yet also reduces confo-
cality. Another advantage of wide-field systems beside the lower price tag is that the
entire depth of view is captured and thus objects such as vesicles trafficking along
microtubules (see Section 2.7.2), which move out of the focal plane, become blurry,
but remain visible. In a confocal system, these vesicles become “lost” (are no longer
captured) when moving out of the focal plane, which could lead to the false inter-
pretation that they fused with the plasma membrane or another subcellular structure.
Out-of-focus fluorescence blur can be reduced or eliminated by applying mathemati-
cal deconvolution algorithms that are built into most advanced imaging software
packages commercially available today (compare Figure 2.3a and c). However, the
technique requires collecting Z stacks of equally spaced images (collected at <0.2 pm
distance) that again add imaging and exposure time, increase unintentional photo-
bleaching, and increase file size. It also may generate image distortion, especially
if faster moving objects are to be resolved. In our lab, the imaging of gap junctions
and the postacquisition deconvolution were performed on a DeltaVision 283 imaging
system (Applied Precision Inc., Issaquah, Washington). The ability to intentionally
photobleach, photoconvert, and photoactivate the chromophores in defined image
regions and the ability to convincingly detect the colocalization of the chromophores
make confocal microscopy the preferred imaging system for these applications.
A comparison of both imaging techniques mentioning a number of relevant pros and
cons is given in Figure 2.4.

2.3.3 IMAGING GAP JUNCTIONS WITH DIFFERENT IMAGING TECHNIQUES

In conventional light microscope systems (not superresolution), even at the highest
magnification, the image resolution as defined by Rayleigh’s law* depends on the
wavelength of the light used for the excitation and is restricted to about 200 nm
(e.g., 400nm wavelength blue light). Thus, the fluorophores that are spaced less
than this minimal distance normally cannot be resolved, as shown, for example, in
Figure 2.3d and g for gap junction plaques assembled from heteromeric connexons
(assembled from coexpressed Cx32-CFP [pseudocolored green] and Cx26-yellow
fluorescent protein (YFP) [pseudocolored red]), and heterotypic gap junctions
assembled between cocultured, Cx43-CFP (green) and Cx43-YFP (red) expressing

*d=1.22Mn/(2NA); & = smallest resolvable distance between two points; A = wavelength of the excita-
tion light innm; n = refractive index (= 1.0 in air; 1.33 in water; 1.52 in immersion oil); NA = numerical
aperture (an index indicating how much light an objective can collect; high NA = high resolution).
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Confocal laser-scanning microscope systems: Wide field microscope systems:
Confocal Wide field Pros
Pros Conventional wide-field
Dual pinhole apertures are fluorescence microscopes
Detector used to eliminate out-of capture all fluorescence (image
focus fluorescence. Since information) that has been
this only allows to image a emitted.

small area at a time, the

specimen has to be scanned. X
=> Mercury lamp provides

sufficient illumination; no

(lhf a i}i x 51112 Pi( i;?age lasers for excitation required
should be collected in => Less photo-bleaching
lfsﬁcﬁ?d» thj Sc'ﬁﬂmf\g:POt => Complete excitation spectrum
of light can dwell only available
psec on each point!) => Fast since the entire field is
L imaged at once.
Objective => Requires intense Blur
Focal ﬂlulm ination only generated « Especially valuable for live-cell
plane Yy lasers. imaging of relatively fast
bleaching probes, such as CFP.
Specimen Also allows
« Photo bleaching Cons:
+ Photo activation Blur generated b t-of-
Condenser « True image sectioning : f U generasec by out-o
ocus fluorescence

« Light scattered when passing
through the optical system
Cons: described by point spread

+ Reduced imaging speed function (PSF).

« Stronger bleaching

+ Lasers provide only => Mathematical algorithms can

certain excitation be applied to computationally
) wavelengths improve image resolution
Light source (= Deconvolution) but they may
be slow

FIGURE 2.4 Pros and cons of wide-field and confocal microscopes. Both techniques have
their positive and negative features that make both systems desirable dependending on the
goal that one aims to achieve.

cells, respectively. In both cases, the gap junction plaques (depicted with arrows in
Figure 2.3g) and the internalized annular gap junction vesicles (depicted with arrow-
heads) appear yellow in the merged images, the resulting color of the superimposed
green and red fluorescent signals (see Section 2.10). Signal separation is simpler if
the fluorophores are well separated as in the gap junction plaque assembled from
Cx43-CFP and Cx32-YFP shown in Figure 2.3e in which homomeric, homotypic
channels consisting of either connexin type formed large domains (red or green).
If the domains are small, as in the gap junction plaque assembled from Cx43-CFP
and Cx26-YFP shown in Figure 2.3f, high primary image resolution (high quality,
color-corrected [apochromat] 60x or 100x, high NA), oil immersion objectives, and
CCD cameras with sufficiently large photo chips (21024 x 512 px) are required.
Domains smaller than the resolution limit (or two types of homomeric/homotypic
gap junction channels placed next to each other akin to the field on a checkerboard)
will not be resolved and will appear yellow. A schematic of different types of gap
junction channels and the resulting merged image color is shown in Figure 2.3h
through k. Note that a yellow stripe may appear on images of the plaques where
red and green domains touch (as in Figure 2.3h) when both colors are detected by
the same pixels (the ones located along the green/red fluorescence border line) on
the CCD camera photo chip. Also note that the mixed homomeric (as depicted in
Figure 2.3j) and heterotypic channels (as depicted in Figure 2.3k) will also appear
yellow.
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2.4 FLUORESCENT PROBES

The imaging of gap junctions in live cells requires fluorescent tagged connexins
for detection in the microscope. Cloning the cDNA of a fluorescent protein or other
probe in the frame with the connexin cDNA sequence and expressing the resulting
fusion protein in cells can achieve this. It should be noted that antibody staining in
general is not suitable for live-cell imaging because the use of antibodies requires
that the cells be fixed and their membranes be permeabilized (unless microinjected
into cells; not a trivial process and only a relatively small number of cells can be
labeled at a time).

2.4.1 GREEN FLUORESCENT PROTEIN AND DERIVATIVES

GFP and its derivatives today are the most commonly used fluorescent probes. Its
discovery and development into a user-friendly live-cell fluorescence probe* was
honored with the awarding of the Noble Prize in Chemistry in 2008 to Osamura
Shimomura, Martin Chalfie, and Roger Y. Tsien. GFP’s ability to autofluoresce
(emit green fluorescent light when excited with blue light) and its inert, noninvasive
properties resulting in a cytoplasmic expression in mammalian cells (Figure 2.5f)
have significantly contributed to the enormous popularity of this probe. At present,
over 53,000 papers come up in MedLine when green fluorescent protein is searched
for. Not surprisingly, this remarkable probe has revolutionized and revitalized mod-
ern cell biology. Interestingly, a whole toolbox of monomeric fluorescent proteins
emitting from blue to far red are now available (Shaner et al. 2004, 2007) allowing
for the simultaneous detection of several proteins of interest in living cells. For
the purposes of live-cell imaging, cells can be either transiently transfected with
a fluorescent connexin prior to imaging or cell lines that stably express fluorescent
connexins can be used.

2.4.2 TAGGING CONNEXINS WITH GREEN FLUORESCENT PROTEIN
AND OTHER FLUORESCENT PROTEINS

Tagging connexins on their C-terminus (designated Cx-GFP) is normally well tol-
erated. C-terminal GFP-tagged connexins traffic normally (see Section 2.7) and
assemble into typical gap junctions (Figure 2.5a) that are functional in respect to
dye transfer (Falk 2000a; Jordan et al. 1999) and exhibit only minor alterations
in electrophysiological channel characteristics (Bukauskas et al. 2000). Indeed,
enough space is available in a connexon for six GFP tags placed on the C-terminus
to simply extend a gap junction channel into the cytoplasms (Figure 2.5b) (Falk
2000a). The length of the linker that connects the connexin and the fluorescent

* GFP was isolated from the southwest Pacific jellyfish Aquorea victoria. In an effort to enhance the
proteins as a fluorescent live-cell compatible probe, codon usage was optimized for mammalian appli-
cations, dimerization tendency was removed, and brightness and stability were enhanced (designated
eGFP). All fluorescent protein tags that have been used in this chapter were purchased from Promega
Inc., and are designated eCFP, eGFP, eYFP (yellow fluorescent protein), etc.
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protein sequence and its amino acid composition (providing more flexibility or
rigidity) is likely to influence how well the fusion protein behaves. We have previ-
ously constructed a seven amino acid-long linker (including two central proline res-
idues between the C-terminus and the GFP [Ala-Asp-Pro-Pro-Val-Ala-Thr]) with
good results (Falk 2000a). It should be noted that fluorescent tags similar in size
and conformation to GFP, such as CFP, YFP, mApple (and other color derivatives),
or Dendra2 (see Section 2.8.2) and mEOS are similarly tolerated when placed on
the C-terminus of the connexins (see Figures 2.2a, 2.3d through g, 2.7c,e, 2.9¢
through g, 2.10f,g and 2.11d).

2.4.3 PotenTIAL Issues RELATED TO Size AND LOCATION OF THE TAG

Despite its popularity, a few drawbacks of GFP and other fluorescent color variants
need to be considered in terms of gap junction research. First, GFP is a 238 amino
acid, 27kDa protein that folds into a can-shaped 4.2 X 2.4nm structure. Several
connexins (including Cx23, 25, and 26) have a lower molecular weight compared
to GFP, and all others have a comparable molecular weight or are little more than
two times of the molecular weight (Cx62 being the largest known connexin). Thus,
tagging connexins with GFP and GFP derivatives may potentially have a nega-
tive impact on the normal behavior of connexins, and this should be considered.
Indeed, we do know of at least one significant difference between untagged and
C-terminal-tagged connexins. Gap junction plaques assembled from endogenously
or exogenously expressed untagged Cx43 in general are much smaller than plaques
with a GFP tag on the Cx43 C-terminus (see Figures 2.6d and 2.12a compared to
images of plaques assembled from Cx43-GFP). The tag is known to prevent the
Cx43-GFP fusion protein from interacting with the membrane scaffolding protein,
zonula occludens 1 (ZO-1), a regulatory protein believed to control plaque size
(Hunter et al. 2005; Rhett and Gourdie 2012). The last C-terminal amino acid
residues of Cx43 (and of other connexins) bind into a pocket of the ZO-1 PDZ2-
domain (Chen et al. 2008). Thus, any addition to the connexin C-terminus will
most likely prevent a Cx/Z0O-1 interaction (reviewed by Thévenin et al. 2013). This
change in gap junction behavior must be considered when performing relevant
experiments.

Unexpectedly, placing GFP on the N-terminus of the connexins (designated
GFP-Cx) also allows the assembly of gap junction plaques (Figure 2.5c); however,
these channels are not functional (Laird et al. 2001), likely because the N-terminal
domains of the connexin fusion protein subunits are misfolded. As we know from the
crystal structure of a Cx26 gap junction channel, the N-terminal domains of the con-
nexin proteins are located inside the channel and form the channel vestibule (Maeda
et al. 2009; reviewed by Thévenin et al. 2013). As the diameter of the channel pore
of a connexon only measures ~1.5 nm, not enough space for even a single GFP tag is
available inside a gap junction channel, likely forcing the connexin N-terminus and
the attached GFP tag outward into the cytoplasm (discussed by Thévenin et al. 2013).
We know that the N-termini of the connexins harbor a flexible hinge (Kalmatsky
et al. 2012, 2009; Purnick et al. 2000) that may facilitate such a conformational
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rearrangement. Albeit impaired channel function, N-terminal-tagged connexins may
be helpful tools in addressing certain questions.

2.4.4 OTHER FLUORESCENT PrOBES: HALOTAG AND
TETRACYSTEINE TAGS

More recently, a novel protein-labeling technology based on a modified bacterial
haloalkane dehalogenase, HaloTag (Los et al. 2008) (commercially available from
Promega), has been developed that may provide additional versatility to the fluo-
rescent protein—connexin toolbox. However, at 34 kDa, the HaloTag protein is even
larger than the GFP. Additionally, and opposed to the GFP, the N-and C-termini are
not next to each other in the HaloTag protein structure but located on opposite ends
(Los et al. 2008), potentially creating additional issues if the HaloTag is to be placed
inside the connexin sequence. Very recently, the first paper describing a HaloTag-
tagged connexin, Cx36 has been published (Wang et al. 2015).

Another, much smaller class of tags are the biarsenical tetracysteine (4C) peptide
tags (Griffin et al. 1998) that can allow real-time tracking of connexins and gap
junctions in living cells (Figure 2.5d) (Boassa et al. 2010; Gaietta et al. 2002). A big
advantage of these tags is their small size (only 6—12 amino acids) compared to fluo-
rescent proteins, and they have been successfully placed inside the Cx43 C-terminal
tail (Boassa et al. 2010). However, 4C tags are nonfluorescent, and the cells need to
be stained for the tagged fusion proteins to become detectable. Biarsenical labeling
reagents, FIAsH (green), and ReAsH (red), which bind to the uniquely arranged cys-
teine residues of the 4C tags, are commercially available as vector and staining kits
(Life Technologies/Invitrogen). A comprehensive comparison of fluorescent protein
and 4C tags has been published by Falk (2002).

2.4.5 PHOTOACTIVATABLE FLUORESCENT PROTEINS

Photoactivatable fluorescent tags that can be switched on and off by pulsing them
with different distinct wavelengths of light have also been developed (reviewed by
Lippincott-Schwartz and Patterson 2009; Shcherbakova et al. 2014). However, they
are only useful for dynamic studies if the location of the protein of interest (connexin)
is known, as the tagged proteins are not initially visible.

Taken together, fluorescent tags have made the investigation of connexins and gap
junctions in living cells possible. In general, fluorescent tags are well tolerated when
placed on the C-terminus of Cx43 and other connexins; however, not all connexins
have been investigated as fluorescent protein fusion constructs. Due to the size and
the potential aberrant effects of fluorescent tags, it is always advisable to conduct
follow-up studies of untagged connexins using anticonnexin-specific antibodies.
Indeed, the first available red fluorescent protein, DsRed, now known to be an obli-
gate tetrameric protein, completely prevented gap junction formation and caused
Cx43-DsRed and other DsRed-tagged connexins to aggregate in the endoplasmic
reticulum (ER) (Lauf et al. 2001) (Figure 2.5¢), even though DsRed expressed by
itself behaved inertly similarly to GFP (Figure 2.5f).
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(2.6a through c) and fixed cells (2.6d through f) are shown. The coexpression of a
second fluorescent protein (not tagged to another protein) will label the cytoplasm
(Figure 2.6a). Staining the cells for a few minutes with 1,1’-Dioctadecyl-3,3,3%,3’-
tetramethylindocarbocyanine perchlorate (Dil) (a red lipid probe), fluorescent-
labeled wheat germ agglutinin (WGA), or another commercially available lipid/
plasma membrane marker before imaging will directly label the plasma membranes
(Figure 2.6b and c). This can also be achieved in fixed cells by indirectly labeling
the plasma membrane by costaining a plasma membrane-localized protein such as
Z0-1, cadherin, catenin, etc. (Figure 2.6d). Finally, acquiring and merging phase
contrast/differential interference contrast (DIC) white light images with fluorescent
connexin images will not only demonstrate the plasma membrane localization, but
also identify the location of other connexin-positive structures (see Figures 2.6e,
and 2.9a through c). This can be done both in living as well as in fixed cells, and
even the cell nuclei can be stained in the living cells if the DAPI label is replaced
with a membrane-permeable chromatin dye such as Hoechst 33342.

2.6 GAP JUNCTION PLAQUE DYNAMICS

2.6.1 PLAQUE STRUCTURE, FUSION AND SPLITTING, SPATIAL MOVEMENT
OF GAP JUNCTIONS, AND CONNEXIN-FREE JUNCTIONAL
MEMBRANE DOMAINS

Time-lapse recordings of gap junctions can provide detailed information about plaque
structure and dynamics when images are acquired at high primary magnification/
resolution. Gap junctions can be oriented in two principal directions when viewed
under a microscope depending on the cell morphology. If the lateral membranes
of cells in a monolayer are oriented perpendicular to the image plane (e.g., found
in general in polarized cells such as Madin—Darby canine kidney [MDCK] cells),
the gap junction plaques will appear as lines and puncta providing an edge-on view
(Figure 2.7a, top). If the cells are (partially) growing on top of each other (often
found in HeLLa and other non-contact inhibited cancer cells), the lateral membranes
may be oriented more horizontal to the image plane, allowing a surface view (en
face) of a gap junction plaque (Figure 2.7a, bottom). All examples of gap junctions
shown in Figure 2.7b through f are en face views. Figure 2.7b depicts the structural
dynamics of a gap junction plaque over time (55 minutes). Note the undulating edges,
the deep invaginations, the more or less dark spherical connexin-free junctional
membrane domains within the fluorescent plaque, and the drastic rearrangement of
the two-dimensional shape of the plaque over time. Figure 2.7c depicts the fusion
of two gap junction plaques by laterally moving in the plasma membranes. Note
how the plaques move closer and closer together and suddenly fuse over their entire
length. Figure 2.7d depicts the splitting of a gap junction plaque. In contrast to plaque
fusion, the plaque portion that splits away slowly separates from the main plaque
region with the connecting region becoming thinner and thinner before finally sepa-
rating (comparable to an overstretched rubber band). Figure 2.7e depicts the fusion
of plaque domains assembled from Cx43-CFP-labeled channels (green) present in
a plaque that otherwise consists of Cx26-YFP-labeled channels (orange red; also
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see the domain dynamics in the plaques shown in Figure 2.7c). These structurally
dynamic rearrangements of the gap junctions are relatively slow in motion and can
be detected by acquiring an image every 0.5-5 minutes. In contrast, the dynamics of
connexin-free junctional membrane domains (not containing gap junction channels
and appearing as dark, relatively spherical domains within the gap junction plaques
[Falk et al. 2009] can rapidly move, requiring faster image acquisition [1-10-second
intervals]). The tracking of one of these domains, moving 15pm in 1 minute, is
depicted in Figure 2.7f. In general, if the cells tolerate the extra excitation light and
the probe is not rapidly bleaching, taking too many images is better than spacing
them too far apart as rapid movements may become difficult or impossible to track
with confidence (see, e.g., Section 2.7). Cutting out redundant images (as done in the
collages shown in Figures 2.2a, 2.7b through f, 2.9f,g, 2.10a through g, 2.11b, and e,
and in time-lapse movies) is always possible. Taken together, these recordings of
gap junctions demonstrate that the channels within the gap junctions remain mobile
resulting in a change of morphology of the plaques over time, to fuse and split, and
to move throughout the plaque due to the fluidly arranged lipids that surround each
gap junction channel (see Falk et al. 2009).

2.7 TRAFFICKING/SECRETORY PATHWAY

If Cx43-GFP fluorescence is imaged as soon as the fluorescence becomes detect-
able in cells (approximately 4—6 hours after transient transfection), a fluorescent
haze highlighting the cytoplasm is detectable (suggesting ER localization) that
then accumulates in the perinuclear regions (suggesting Golgi localization, labeled
with arrows) before the gap junctions become visible (Figure 2.8a, 4 and 5 hours).
Next, small gap junction plaques appear, which grow in size over time (Figure 2.8a,
5-20 hours, labeled with arrowhead). As described earlier, C-terminal-tagged con-
nexins that are unable to interact with ZO-1 may grow very large and may occupy
the entire lateral membrane space (as in Figure 2.8a, 40 hours). At this time, large,
bright-fluorescent, spherical structures appear in the cytoplasm of some cells, sug-
gestive of internalized gap junctions (Figure 2.8a, 20—80 hours; also compare
Figure 2.5b, 20 hours). In a transient transfection, as shown in Figure 2.8a, new
protein biosynthesis ceases after 24—48 hours due to the degradation of the cDNA,
and no new Cx43 protein is biosynthesized at this time. As the gap junctions turn
over, fewer and fewer remain (Figure 2.8a, 60 hours), and finally only internalized
gap junctions and gap junction degradation products remain visible (Figure 2.8a,
80 hours).

2.7.1 CoLocALIZATION WITH RELEVANT COMPARTMENT MARKERS

As is typical for membrane proteins, Cx43 has been shown to cotranslationally insert
into the ER membranes and to traffic via the Golgi apparatus to the plasma membrane
(Koval 2006; Falk and Gilula 1998; Falk et al. 1997, 1994; Laird 1996; Musil and
Goodenough 1993). We demonstrated Cx43-GFP colocalization by staining fixed
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Cx43-GFP expressing cells with ER (calnexin) and Golgi (p58) marker proteins,
respectively (Figure 2.8b and c). This can also be achieved in living cells by coex-
pressing an ER or a Golgi marker protein that is tagged with another fluorescent
protein, or by staining the ER and the Golgi with compartment-specific membrane-
permeable live-cell probes such as ER-Tracker™ Blue-White DPX or Texas Red-
labeled BODIPY® ceramide, respectively (Cat. Nos. E12353 and D7540, Invitrogen/
Molecular Probes).

2.7.2  TRAFFICKING ALONG MICROTUBULES

Cx43 connexons have been shown to traffic from the Golgi to the plasma mem-
brane in secretory vesicles that migrate along microtubules driven by a kinesin
motor protein (Fort et al. 2011; Shaw et al. 2007; Lauf et al. 2002). Secretory
vesicles, including connexon-containing vesicles, move fast, up to a micrometer
per second (Fort et al. 2011; Falk et al. 2009; Lauf et al. 2002) (Figure 2.9a). To
convincingly capture these fast saltatory movements, it is best to collect images
in a rapid sequence, at least every few seconds; otherwise, reliable connexon-
containing vesicle tracking may not be possible. Tracking analyses can be done
in different ways based on time-lapse image sequences; however, labeling micro-
tubules (by, e.g., coexpressing YFP tubulin) together with connexins may provide
the most convincing results (Figure 2.9e through g). We, for example, have merged
images of all time points after color coding each image in Photoshop® (Lauf et al.
2002) (Figure 2.9a). This highlights the vesicle tracks, as well as the directionality
based on color coding. Several transport vesicles containing Cx43 connexons tran-
sitioning from the Golgi to the plasma membrane can be seen in the merged image
shown in Figure 2.9b and c.

The path and the position of vesicles at each time point can also be shown by
connecting the vesicle locations with lines as shown in Figure 2.9e and f. As men-
tioned earlier, it is imperative to collect images in rapid sequence to allow for reliable
tracking. Figure 2.9f shows the track of a Cx43-CFP-containing vesicle (green) that
moves along YFP-labeled microtubules (red). Note that at several times, the vesicle
changes direction by jumping onto different microtubules, resulting in a curved,
zigzag path.

Successfully imaging the fusion event of the secretory vesicles with the plasma
membrane as well as observing the delivery of the protein cargo into the plasma
membrane also require capturing several images per second (Schmoranzer et al.
2000; Toomre et al. 2000). TIRF microscopes commercially available today are
ideal platforms for this task. The microscope system available to us in 2002 was
not able to capture the images in such a rapid sequence, yet we were able to indi-
rectly demonstrate vesicle/plasma membrane fusion and Cx43 connexon delivery
(Lauf et al. 2002). Figure 2.9g shows a sequence of selected images captured at
15-second intervals depicting a small area of the plasma membrane of a Cx43-
CFP (pseudocolored red)/YFP tubulin (pseudocolored green) expressing cell.
Four Cx43-CFP vesicles (labeled with arrows) are piled up at the end of a micro-
tubule extending into a filopodial plasma membrane extension (0:45 minutes).
Three minutes later (3:45 minutes), only three vesicles remain; at 4:30 minutes, two
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bar, arbitrary shape) is intentionally permanently photobleached through the use of
a strong laser (up to 100% power output). If the photobleached protein of interest is
capable of diffusion (either throughout the cytoplasm if it is a soluble protein or in
the membrane if it is a membrane protein) overtime, the bleached area will regain
fluoresce because unbleached proteins will diffuse back into the bleached area. All
biological fluorophores will eventually lose fluorescence when extensively excited
(see Figure 2.2e and f), even probes such as GFP and YFP, which are quite resis-
tant to photobleaching. Green-fluorescent probes in general were much easier to pho-
tobleach, as the argon ion lasers on conventional confocal microscopes (generating
the blue 488 nm excitation line used to excite green fluorescent probes) have a much
stronger energy output (approximately SO0mW) than the green-generating excitation
line (543 nm, commonly used to excite red fluorescent probes) of helium/neon lasers
(approximately 5mW; the newest confocal microscope systems now have equally
strong lasers). We have used this technique to demonstrate the diffusion of connexons
in the plasma membrane (Figure 2.10a and b), to track the growth of the gap junc-
tions, and to track the turnover of channels from the gap junctions (Falk et al. 20009,
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FIGURE 2.10 (See color insert.) Plasma membrane dynamics of connexons and gap junc-
tions. (a, b, d, e) FRAP, (c) FLIP, and (f, g) Dendra2-photoconversion can be used to assess
dynamics of connexons and gap junctions. (Reproduced from Lauf, U., B. N. Giepmans, P.
Lopez, S. Braconnot, S. C. Chen, and M. M. Falk, Proc Natl Acad Sci U S A, 99, 1044651,
2002. With permission.) In (a) and (b), the fluorescence in a 10 X 10 pm square in Cx43-eGFP-
expressing HeLa cells was permanently photobleached using the laser of a confocal micro-
scope. Note how the fluorescence “haze” indicative of dispersed plasma membrane-localized
connexons recovers over time in the bleached area, while the intracellular, bright punctate
fluorescence (probably predominantly inclusion bodies due to overexpression) in a remains
largely immobile. In (c), the square area was repeatedly photobleached in 5-minute inter-
vals resulting in an almost complete loss of cellular fluorescence over a 20-minute period.

(Continued)
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In addition to FRAP, fluorescence loss in photobleaching (FLIP), a related tech-
nique, can be used to investigate connexon dynamics. In FLIP, the fluorescence in
the defined area (e.g., a square) is photobleached repeatedly over time. If the proteins
can laterally diffuse (such as connexons), the fluorescence will eventually be lost also
outside of the bleached box, as the fluorophores diffuse into the boxed area and will
be bleached in repeated bleach cycles. This technique demonstrates especially well
the extent of dynamic movements either including the entire plasma membrane (as
shown for connexons in Figure 2.10c) or being restricted to certain compartments
(see Lauf et al. 2002).

When we permanently photobleached defined areas of gap junctions in Cx43-
GFP expressing cells, the plaques recovered a fluorescent rim of unbleached chan-
nels clearly detectable within about 30 minutes. Fluorescent rims grew wider over
time, indicating that the new channels were accrued along the edge of the Cx43-GFP
gap junctions (Figure 2.10d depicts a plaque seen en face, Figure 2.10e depicts a
plaque seen edge-on). Measuring the width of the fluorescent rim over time sug-
gested a connexin half-life of approximately 2-3 hours, which corresponded to pre-
viously published data (Berthoud et al. 2004), to the Cx43 half-life calculated by
Gaietta et al. (2002) who used successive FIAsH/ReAsH staining to demonstrate
Cx43-based gap junction turnover, and to the experiments that used photoconvertible
proteins (see Section 2.8.2) (Falk et al. 2009).

2.8.2 PHOTOCONVERSION: DENDRA2 AND MEOS2

Photoconvertible fluorescent proteins such as Dendra2 and mEOS initially flu-
oresce green; however, they are photoconverted to a permanently red-emitting
state when excited with moderate UV/blue light (Chudakov et al. 2007; Gurskaya
et al. 2006). The photoconverted gap junctions assembled from Cx43-Dendra2
develop a progressive green outer rim of unconverted channels over time with
similar kinetics to the photobleached gap junctions (Figure 2.10f). This technique
also allowed us to directly visualize and quantify the vesicles generated by the
internalization of the small plaque areas by photoconverting a portion of edge-on
oriented gap junction plaques (Falk et al. 2009) (Figure 2.10g, released vesicles
marked with arrows). Other more dynamic characteristics have been described
for Cx43-based gap junction plaques (including an extremely fast, questionable
turnover rate of only 2.7 minutes (Shaw et al. 2007), as it is not clear based on
metabolic considerations how cells would maintain such a fast gap junction turn-
over rate), and for gap junctions assembled from other connexin types (Cx26)
(Thomas et al. 2005). Fluorescent protein fusion tag and connexin type have also
been reported to influence gap junction plaque stability (Stout et al. 2015).

When performing FRAP and FLIP experiments with connexins, it is important
to keep the initial illumination to a minimum so as to not accidentally prebleach
the fluorescent protein signal, and to make sure that the gap junctions do not move
out of focus over time, as this may suggest falsified dynamic characteristics. This
is especially important when using photoconvertible fluorescent proteins, as these
easily convert unintentionally to red-emitting polypeptides if exposed to blue excita-
tion light that is too strong. A detailed step-by-step protocol on how to successfully
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photoconvert Dendra2- and mEOS-tagged proteins including gap junctions has been
published by us previously (Baker et al. 2010). See also the methods sections in the
manuscripts of Lauf et al. (2002) and Falk et al. (2009) for details on how to perform
plasma membrane connexon and gap junction FRAP and FLIP experiments.

2.9 INTERNALIZATION AND DEGRADATION OF
GAP JUNCTIONS

2.9.1 IMAGING

Live-cell recordings of Cx43-GFP gap junctions demonstrated that the gap junction
plaques and regions of plaques internalize as complete double-membrane spanning
channels and do not split in half as is typical, for example, for adherens junc-
tions (Ivanov et al. 2004a,b). The process generates cytoplasmic double-membrane
gap junction vesicles (Falk et al. 2009; Piehl et al. 2007; Jordan et al. 1999),
termed annular gap junctions (AGJs) or connexosomes (schemed in Figure 2.11a).
Subsequent analyses have shown that clathrin as well as clathrin-endocytic machin-
ery mediate this process (Xiao et al. 2014; Fong et al. 2013; Gumpert et al. 2008;
Nickel et al. 2008; Piehl et al. 2007). Gap junctions assembled from other connex-
ins have also been shown to internalize to form AGJs (Falk et al. 2014; Xiao et al.
2014; Johnson et al. 2013; Schlingmann et al. 2013). The process is quite impres-
sive when captured in a time-lapse recording at high primary resolution with the
image plane placed in the middle of a gap junction. In Figure 2.10b, the two gap
junctions (a large and a small one, both labeled with arrows) are visible. Over time
(89 minutes), the large gap junction successively bends toward the cytoplasm of the
left cell, invaginates deeper and deeper and finally detaches forming a perfectly
spherical AGJ in the cytoplasm of that cell, while the small gap junction resides
undisturbed in the plasma membrane. The sphere is visible as a ring in a confocal
and in a wide-field microscope when viewed at high primary magnification, as this
generates only a thin focal plane (as seen in Figure 2.11b). However, Z sectioning
will show the entire spherical morphology of the AGJs (Piehl et al. 2007). In addi-
tion, when combined with DIC white light illumination, the cell bodies become
visible, demonstrating the translocation of the gap junction from its location in the
plasma membrane into the cytoplasm of one of the connected cells (Figure 2.11c,
depicted with arrowheads). Note that a new gap junction forms in the lateral mem-
brane at a location proximal to that of the internalized gap junction (visible in the
last image in Figure 2.11c, depicted with arrow).

2.9.2 CoLocALZATION WITH RELEVANT COMPARTMENT MARKERS

The fate of endocytosed gap junctions and their degradation can be shown in living
cells via colocalization by the coexpression of an endocytic marker protein tagged
with a different fluorescent protein (as shown for LC3-GFP and Cx43-mApple as an
example in Figure 2.11d), or by staining the subcellular compartments with specific
live-cell probes (shown for proteolytic compartments stained with the acidophilic
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cycle (Interactome). In addition, temporal interactions of connexins with their binding
partners may be resolved when colocalization analyses are performed in living cells.
However, this technique also has the potential to produce significant false data when
incorrectly performed. Colocalization is generally defined as two different fluores-
cently labeled proteins/molecules appearing in the same location on an image, which
implies that they are interacting in some manner with each other. Colocalization will
generate the resulting additive color by mixing both fluorescent labels in merged
images (red colocalizing with green will result in yellow; blue colocalizing with green
will generate cyan; red colocalizing with blue will give magenta; and colocalization
of all three basic colors, red, green, and blue, will result in white* as in the examples
shown in Figure 2.12a through d).

2.10.2 PotenTIALLY FALSE-POsITIVE RESuLTS

To avoid errors, first it is important that the pinholes on the confocal microscope
are small (<1 airy units), so that the image sections are thin (< 1 pm); otherwise,
confocality is lost (the thickness of the image plane increases), and the fluorescent
labels localized in the same spot in X and Y, but in different depths in Z, may falsely
colocalize (see Lauf et al. 2001 for examples). Second, the primary image mag-
nification and the resolution should be optimal (60/63x NA 1.4 plan-Apochromat
oil-immersion objectives). Immersion oils with a refractive index that matches that
of glass coverslips and objective lenses are essential to reduce the image distortion.
Third, it is important to not overexpose the image, which may occur when using too
much laser power or too long of an exposure time or by using autoimage settings
of the imaging software package. Indeed, as the excitation and emission spectra of
most commonly used biological labels and fluorescent proteins overlap, it is likely
that at a given wavelength (for example, to excite GFP), another fluorescent protein
(CFP, YFP, RFP) is excited to some extent as well (see Figure 2.12¢). It is impor-
tant to check for this “bleed-through” into other emission channels (photomultipli-
ers) and adjust the exposure level to a point where no bleed-through is detectable.
Figure 2.12f shows a purposely false colocalization of Rhodamine-labeled phalloi-
din that decorates the actin filaments. Rhodamine is a red fluorescent dye that also
emits somewhat green if overexposed. This bleed-through into the green channel
was acquired, the image brightness was enhanced post-acquisition using Photoshop
software, and the red emission channel and the enhanced green bleed-through image
were merged, resulting in a complete, but false colocalization signal! Reducing the
laser excitation power and the exposure times on wide-field microscopes (and not
using autoexposure on these systems) can avoid such detrimental mistakes.

* Note that additive color mixing will generate different colors than subtractive mixing of pigment
colors where the colors are adsorbed. Computer monitors use additive color mixing (RGB, for red,
green, blue) to display color, while color printers use subtractive color mixing to generate colors (typi-
cally CMYK, for cyan, magenta, yellow, black). Publishers who print articles with color (including
the publisher of this book series) often require images to be submitted in CMYK, not RGB color
scheme. Colors may look somewhat different in CMYK format compared to RGB format and should
be checked/adjusted before submission. Photoshop, for example, will allow one to interchange the
color formats under “Image—Mode” settings.
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double-membrane spanning channels and not as connexons (half-channels) (Falk
et al. 2009). Figure 2.13d shows a still image of a time-lapse sequence of an en
face-viewed gap junction acquired at high primary magnification. Several con-
nexin-free junctional membrane domains within the gap junction (NM, appear-
ing dark), bright fluorescent vesicles (V, AGJs generated by the endocytosis of
gap junction plaque portions) in front of the plaque area (P), as well as connexin-
free junctional membrane domain surrounding the gap junction plaque (B) are
visible (schemed in Figure 2.13g). The fluorescence intensity along a line placed
across these regions is shown in Figure 2.13e, and the average of 15 different
plaques is shown in Figure 2.13f. Note that regions B and NM have comparable
low background fluorescence. The fluorescence intensity in the plaque regions
P emitted by two layers of GFP (on both sides of the docked connexons; com-
pare Figure 2.13g) averages about 75 arbitrary fluorescence intensity units. The
fluorescence intensity in the region of the AGJ in front of the plaque V is four
times higher (averaging about 220 arbitrary units), indicating that four layers of
GFP are present in the vesicle (two on the apical side and two on the basal side),
totaling six layers of GFP when the vesicle is located in front of the gap junction
plaque (as in the example shown in Figure 2.13d,e). These quantitative fluores-
cence analyses can be quite easily performed with advanced imaging software
packages such as NIS Elements (Nikon), MetaVue and MetaMorph (Molecular
Devices), Openlab (Improvision), ImageJ (National Institutes of Health, free
shareware), etc.

2.12 DATA SIZE

2.12.1 CHALLENGES RELATED TO ACQUIRING LARGE
TimMe-LAPse MoViIE FiLEs

As elaborated earlier, the best means of demonstrating the dynamic movements of
gap junctions are time-lapse movie sequences. However, there are a few challenges
with time-lapse movies that need to be considered. The raw data generated from
time-lapse movies can easily be several hundred megabytes to gigabytes in size
depending on the duration of the time lapse, the selection of image intervals, the
number of channels acquired, and the number of points selected for study. A large
external hard drive of at least several hundred gigabytes to a few terabytes should
be available for the long-term storage of the generated data. It is best not to save
the time-lapse images on an external drive as the data are generated, because the
data transfer speed is often too slow for it to effectively work in real time and may
slow down and unintentionally extend the set frame interval. It is better to store the
captured frames on the imaging computer’s hard drive and only transfer them to the
external storage device after acquisition. It is advisable to erase the previous time-
lapse movies from the hard drive from time to time, as they will gradually fill up the
drive and slow down the computer system if the storage space becomes limited. Of
course, a well-planned data filing system is essential if one wants to be able to reli-
ably find and access earlier acquired image data sets.
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2.12.2 CoMPRESSION OF LARGE IMAGE FILES FOR SUBMISSION
AND PUBLICATION

For presentation, submission, and publication, movie sequences need to be trans-
ferred into compatible formats such as AVI (for personal computers [PCs]), MOV
(on Macintosh computers [Macs]), or MPEG which is accepted by Microsoft
PowerPoint® and journal publishers. Compatibility issues between MOV and AVI
formats unfortunately continue to exist between Macs and PCs, thus downloading
a compatible media player that plays all formats (such as VLC or VideoLAN, a free
shareware) is advisable. The presentation of movie files and the submission for pub-
lication in general also require substantially reducing the file size. Most, if not all,
the publishers limit the movie file size to 10 MB. It can be challenging to compress
a 100 GB time-lapse recording into such a small size given that some time-lapse
recordings may last for many hours. This, for example, was needed for the presen-
tation of the over 20- and 50-hour-long recordings shown in Figure 2.2a and b. We
had satisfactory success using QuickTime Pro on a Mac and MPEG movie formats.
Finally, as time-lapse movies cannot be published in print, assembling still-image
montages consisting of selected frames of the movies that represent the time-
lapse events for the physical publication is recommended (see Figures 2.2a,b, 2.7b
through f, 2.9f,g, 2.10a through g, 2.11b,c, and 2.13a through c). Publishers in gen-
eral require that each submitted movie file is represented in the physical manuscript
by at least one still image taken from the movie sequence (see the “Instructions to
Authors” sections of individual journal/book publishers).

2.13 PRACTICAL CONSIDERATIONS FOR SETTING UP
A TIME-LAPSE RECORDING

For routine live-cell recordings of gap junctions, the cells should be passaged 1-2
days beforehand. If the cells stably express the fluorescent connexin (inducible or
noninducible expression systems), one only needs to wait for the gap junction plaques
to become visible under a conventional fluorescence microscope before beginning a
time-lapse experiment. If the cells are transiently transfected, this should be done the
day before the imaging for standard observations. Most connexins will form promi-
nent gap junction plaques in cells within 16-24 hours (see Figure 2.8a). Transient
transfections can be accomplished using a lipid-based transfection reagent kit such
as Superfect (Qiagen) or Lipofectamine 2000 (Invitrogen). Prior to imaging, the cul-
ture medium in the dish should be exchanged for fresh medium (not containing phe-
nol red, see Section 2.2.1) to ensure that the cells have a sufficient supply of nutrients
for the duration of the experiment. Dead and floating cells should be removed by
washes with 1xPBS or culture medium, as these may obscure the imaging of healthy
attached cells. Floating cells also often exhibit high autofluorescence, which can
disguise the fluorescent signals in the attached cells.

If the cells are to be imaged in glass-bottom dishes, initial condensation tends to
build up on the lid of the dish, which requires a few minutes for the conditions to sta-
bilize. Automated image/incubation systems such as the Nikon BioStation will indi-
cate to the user when the temperature in the chamber has equilibrated and stabilized
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(approximately 30 minutes). The stabilization period is required to ensure that the
system will remain in focus throughout the recording period. Indeed, drifting out of
focus is one of the main issues if the temperature in the imaging system is not well
equilibrated. Thus, it is generally advisable to begin imaging during the day, periodi-
cally review the acquired image sequences, and refocus if necessary before leaving
the system to image for extended periods of time, especially overnight. If the live-
cell microscope system is equipped with an automatic X/Y stage, it allows the user
to select, mark, and revisit multiple points of interest (gap junctions) for the entire
duration of the time lapse. In addition, some advanced systems provide an infrared-
based focusing system (autofocus) that keeps the distance between the objective lens
and the cover glass constant. Of course, if the cells and the gap junctions move in Z,
they still may move out of the focal plane.

To avoid the toxic effects resulting from short, high-energy wavelength expo-
sure (e.g., the UV and the blue light used to excite CFP, GFP, etc.), it is advisable
to observe the living cells with the lowest possible excitation light intensity and to
keep the exposure times to the minimum that will still generate the desired image.
The cells may tolerate the exposure to intense light for short times with negligible
negative effects; however, in long recordings, the cells will be repeatedly exposed
for many hours potentially generating nonphysiological cellular reactions (see
Figure 2.2d). To image general gap junction dynamics, acquiring one image every
1-2 minutes while exposing for less than 2 seconds is a good start. In addition to
fluorescence images, phase contrast or DIC frame acquisition is advisable, as over-
laying the fluorescent and the contrast-enhanced white light images will generate
a more comprehensive overview of the imaged cells (as in Figure 2.2a and b). It
can also convincingly demonstrate that the suspected gap junction plaque is indeed
residing in the lateral plasma membranes (as, e.g., shown in Figures 2.2a,b, 2.3g,
2.6e, 2.9a, and 2.11c¢).

2.14 CONCLUSIONS

Live-cell imaging of gap junctions is a powerful technique that is especially valu-
able if carried out together with other ultrastructural, biochemical, and molecular
biology analyses. However, it is not a simple and quick technique. It requires dedi-
cation, planning, and a passion for microscopy. It is important to select the right
imaging system and, as is true for all techniques, it is important to understand the
system’s abilities and limitations well enough to avoid potentially harmful pitfalls.
However, the ability to observe the behavior of connexins and gap junctions in their
natural environment, the wealth of acquired qualitative and quantitative spatiotem-
poral data, and the ability to detect connexins interacting with their various binding
partners during their life cycle in real time, in our minds, is clearly worth the invest-
ment of time and resources. The continuous development of novel and improved
fluorescent probes in combination with the development of enhanced and ever more
affordable imaging systems (including superresolution techniques), promises to fur-
ther increase our ability to investigate gap junctions in living cells in the near future.
Finally, as fluorescence imaging is a highly visual technique, convincing data-reach,
as well as esthetic images of cells are likely to excite life scientists at all stages of
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their careers. It is our hope that the numerous examples, tips, and procedures given
in this chapter on how to perform live-cell imaging of connexins and gap junctions
will contribute to increasing the excitement.
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