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ABSTRACT High-resolution, fluorescence deconvolution (DV) microscopy was implemented to

obtain a detailed view of the organization and structural composition of gap junctions assembled
from one or two different connexin isotypes in live and fixed cells. To visualize gap junctions, the
structural protein components of gap junction channels, the connexin polypeptides «;(Cx43),
B1(Cx32), and B4(Cx26), were tagged on their C-termini with the autofluorescent tracers green
fluorescent protein (GFP), and its cyan (CFP), and yellow (YFP) color variants. Tagged connexins
were expressed in transiently transfected HelLa cells. Comprehensive analysis including dye-
transfer analysis demonstrated that the tagged connexins trafficked, assembled, and packed
normally into functional gap junction channel plaques. Such gap junction plaques were examined
by single, dual, and triple-color DV microscopy. High-resolution images and three-dimensional
volume reconstructions of gap junction plaques were obtained by this technique, which revealed
several new aspects of gap junction structure. Specifically, the studies demonstrated that the mode
of channel distribution strictly depends on the connexin isotypes. Here we present such images, and
volume reconstructions in context with images obtained by other light, and electron microscopic
techniques, such as laser scanning confocal, conventional wide-field fluorescence, thin section, and
freeze-fracture electron microscopy. In addition, we give a simple description of the principal
mechanisms of DV microscopy, name advantages and disadvantages, and discuss issues such as
dual-color imaging using CFP and YFP, spatial resolution, colocalization, and avoiding imaging

artifacts. Microsc. Res. Tech. 52:251-262, 2001.

INTRODUCTION

The past few years have seen a revival of fluores-
cence microscopy, in particular due to the recent avail-
ability of autofluorescent tracer proteins, such as green
fluorescent protein (GFP), isolated and cloned from the
northwest Pacific cold-water jellyfish Aquorea victorea
(Inouye and Tsuji, 1994; Prasher et al., 1992). The
many potential uses of GFP, including the possibility to
observe the behavior of proteins in live cells, was
quickly recognized, and triggered the development of
novel GFP variants, with specific characteristics, such
as improved fluorescence brightness (Heim and Tsien,
1996), shifted excitation and emission spectra (Heim et
al., 1995; Yang et al., 1998), organelle specific targeting
(Rizzuto et al., 1996), reduced half-live (Anderson et
al., 1998; Li et al., 1998) or intrinsic properties that
sense environmental changes (Miyawaki et al., 1997,
Miesenbock et al., 1998), as well as a frantic search for
other autofluorescent proteins with different properties
to GFP (Matz et al., 1999; Heikal et al., 2000; Baird et
al., 2000; Terskikh et al. 2000; Wall et al., 2000; Gross
et al., 2000; reviewed in Tsien, 1999; Chicurel, 2000).
This process went hand in hand with the development
of more light-sensitive devices, such as cooled charge-
coupled device (CCD) cameras, faster processing hard-
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ware and software that could handle large image-files,
and the development, improvement, and commercial-
ization of novel imaging systems.

We have used a fluorescence-enhanced GFP variant
(EGFP), and its cyan (ECFP) and yellow (EYFP) color
variants as autofluorescent reporters, and combined
this approach with single, double, and triple-color flu-
orescence, high resolution, deconvolution (DV) micros-
copy, to study the structure and function of gap junc-
tions.

Gap junctions represent more or less tightly packed
two-dimensional aggregates of individual channels
that cluster together to create characteristic gap junc-
tion plaques, structurally distinguishable from other
clustered arrangements of particles also present in the
plasma membrane (Friend and Gilula, 1972; McNutt
and Weinstein, 1970; Rash et al., 1974). Typically, less
than a hundred to many thousand individual channels
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are combined in a single plaque that can extend from
less than a hundred nanometers to several microme-
ters in diameter (McNutt and Weinstein, 1970).

Gap junction channels represent double-membrane
protein-structures that create hydrophilic pores across
the membranes (Makowski et al., 1977). The channels
mediate direct cell-to-cell communication by allowing
the passage of small biological molecules (up to approx-
imately 1 kDa in size) from one cell to the other (Gilula
et al., 1972). In mammals, gap junction channels have
been characterized to be composed of two hemi-chan-
nels, termed connexons, each provided by one of the
two neighboring cells. Two connexons “pair” in the
adjoining plasma membranes to form the complete,
double-membrane intercellular junction. Each con-
nexon is composed of 6 polytopic transmembrane pro-
tein subunits, termed connexins. At least 14 different
connexin isotypes have now been cloned and sequenced
from mice. All represent structurally conserved nong-
lycosylated members of a multigene family that mainly
differ in the length of their C-terminal domain. Al-
though the different connexin isotypes exhibit a dis-
tinct tissue distribution, many cell types express more
than one connexin isotype. This may allow the assem-
bly of hetero-oligomeric connexons constructed from
different connexin isotypes, in addition to the assembly
of homo-oligomeric connexons constructed from a sin-
gle connexin isotype (for a structural review, see Ku-
mar and Gilula, 1996). It appears obvious that con-
nexin protein synthesis and assembly, intracellular
trafficking, and channel formation are important steps
in the maturation process of gap junctions that have to
be coordinated and regulated precisely to enable proper
channel function.

Previously, we have studied the synthesis and as-
sembly of connexins into connexons. The studies have
shown that the connexin subunits are cotranslationally
integrated into the endoplasmic reticulum (ER) mem-
brane in a process that is similar to the process de-
scribed for other transmembrane proteins (Falk et al.,
1994). There, they adapt their native transmembrane
configuration traversing the membrane bilayer four
times with N- and C-termini located in the cytoplasm
(Falk and Gilula, 1998). The studies further demon-
strated that connexins can assemble into functional
hexameric connexons in the ER membrane (Falk et al.,
1997). Sub-cellular fractionation studies (Falk et al.,
1994; Musil and Goodenough, 1991) and immuno-colo-
calization analyses (Laird et al., 1995; Musil and Good-
enough, 1991; Falk, 2000c) indicated that connexins
traffic through the Golgi apparatus to reach the plasma
membrane. There, the connexons pair into the com-
plete double-membrane channel structures, and chan-
nels cluster together into gap junction plaques (re-
viewed in Falk, 2000a,b; Yeager et al., 1998).

For the present study, three different connexin iso-
types were tagged on their C-terminal ends with CFP,
GFP, or YFP. The reporters were fused to the C-termi-
nus of connexins, since earlier studies have shown that
their C-terminal domain tolerates some flexibility. De-
letions (Unger et al., 1999), as well as additions (Sulli-
van and Lo, 1995) to the C-terminus of connexin sub-
units were possible without interfering with the intra-
cellular transport, or disrupting assembly of the
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mutated subunits into gap junction channels and gap
junction plaques.

In general, GFP was found not to interfere with the
normal behavior of tagged proteins. This inert behavior
of the GFP tag was attributed to its unique tightly
packed can-shape structure (Misteli and Spector,
1997). Comprehensive analysis (reported in Falk,
2000c) demonstrated that all three tagged connexin
isotypes trafficked and assembled normally into func-
tional gap junction channels and gap junction plaques.
Our results are supported by the findings of Jordan et
al. (1999) and Holm et al. (1999) who also observed that
a fusion protein consisting of GFP fused to the C-
terminus of «,(Cx43) assembled into functional gap
junction channels.

Here we report novel results on the structural orga-
nization and composition of gap junctions that were
obtained by implementing high-resolution DV micros-
copy in combination with a tagging approach that used
the autofluorescent reporters CFP, GFP, and YFP. The
results are presented in context with results obtained
by other light and electron microscopic techniques. In
addition, we give a simple description of the principal
mechanisms of DV microscopy, name advantages and
disadvantages, and briefly discuss issues such as dual-
color imaging using CFP and YFP, spatial resolution,
and avoiding severe imaging artifacts. The goal of this
article is to provide some educational information to
potential microscopy users to help in choosing the tech-
nique that best accomplishes their needs.

MATERIALS AND METHODS
Connexin-CFP, GFP, and YFP ¢DNA Constructs

Connexin cDNAs, lacking their STOP-codon, were
digested with EcoRI and BamHI, and cloned into the
EcoRI and BamHI restricted vectors pEGFPNI1,
pECFPN1, and pEYFPN1 (Clontech, Palo Alto, CA) as
described in Falk, (2000c¢). The resulting connexin con-
structs contained the complete connexin specific coding
sequence, a seven amino acid linker (Ala-Asp-Pro-Pro-
Val-Ala-Thr), and the GFP, CFP, or YFP coding se-
quences, respectively.

Cell Line, Cell Culture, and
Transfection Conditions

Human epitheloid cervix carcinoma cells (HeLa,
ATCC CCL 2; American Type Culture Collection, Rock-
ville, MD) transiently transfected with the tagged con-
nexin constructs were used throughout this study.
They have been shown to efficiently assemble func-
tional gap junctions when transfected with connexin
specific cDNAs (Elfgang et al., 1996); they do not
express endogenous «;(Cx43), B,(Cx32), or B,(Cx26)
(Eckert et al., 1993; Elfgang et al., 1996; Hiilser et al.,
1997), and their growth is not inhibited upon contact.
This results in the formation of gap junction plaques
that can be viewed on their surface, besides the more
common view on the edge of the plaques. Cells were
maintained in high glucose Dulbecco Minimum Essen-
tial Medium (DMEM), supplemented with 10% fetal
calf serum and 100 U of penicillin and streptomycin per
ml. For transient transfection, cells were split and
seeded the day prior to transfection to reach 60-70%
confluency. Cells were transfected with Superfect
Transfection Reagent (Qiagen, Valencia, CA) following
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the manufacturer’s instructions. Transfection efficien-
cies of 10-30% were regularly obtained.

Immunofluorescence Staining

For indirect immunofluorescence microscopy of gap
junctions, or the Golgi complex, Hela cells were seeded
on number 1 glass coverslips treated overnight with a
0.01% poly-L-lysine solution diluted with water from a
0.1% stock solution (Sigma Diagnostics Inc. St. Louis,
MO). Transfected cells were grown overnight, fixed for
10 min at RT in 2% formaldehyde (Polysciences Inc.
Warrington, PA), permeabilized in ice cold acetone
(5 min at —20°C), blocked (30 min at RT in PBS con-
taining 1% bovine serum albumine), washed 3 times in
PBS, and incubated with primary antibodies diluted in
PBS containing 0.5% BSA (1 hour at RT). Purified
«,(Cx43) specific polyclonal antipeptide antibodies
(a;S) (Milks et al., 1988) (kindly provided by N.B. Gi-
lula, The Scripps Research Institute, La Jolla, CA),
monoclonal anti p58K protein antibodies (Sigma), and
polyclonal anti-Mannosidase II antibodies (kindly pro-
vided by K. Moremen, University of Georgia, Athens,
GA) were used in 1:100 dilution. Texas Red coupled
goat anti rabbit, and FITC coupled goat anti mouse
(Jackson Laboratories, West Grove, PA), respectively,
were used as secondary antibodies at 1:200 dilution.
Nuclei were stained with DAPI prior to mounting in
Fluoromount-G (Southern Biotechnology Associates
Inc., Bermingham, AL).

Microscopy Techniques

Conventional Wide-Field Fluorescence Micros-
copy. Fixed cells were examined with an upright Zeiss
Axiophot wide-field fluorescence microscope equipped
with a 100X (Plan-Neofluar, NA 1.30 oil immersion)
objective lens and standard filter sets. Single, double,
and triple exposures were imaged on Kodak 1600 ASA
slide film.

Laser Scanning Confocal Microscopy. Fixed and
live cells were imaged with a Bio-Rad MRC1024 confo-
cal microscope system attached to an inverted Zeiss
Axiovert S100TV wide-field fluorescence microscope.
Optical sections of gap junction plaques assembled
from GFP tagged connexins were collected in 0.2-pm
steps covering the entire z-axis field of 4—10 pwm, using
a 100X (Plan-Neofluar, NA 1.30 oil immersion) objec-
tive lens. (Specific settings were Box-size 515X512,
zoom 3, iris 3, gain 1500, Black level 0, laser power 1%.)
Images were captured with the attached photomulti-
plier tubes (PMTs). Images were displayed, and volume
reconstructions were rendered using the Bio-Rad La-
sersharp software package (Version 3.2). Images were
stored on CD-ROM.

Deconvolution Microscopy and Image Process-
ing. A DeltaVision Model 283 (Applied Precision Inc.,
Issaquah, WA) was used to obtain high-resolution im-
ages and three-dimensional volume reconstructions of
gap junctions, and Golgi membranes. This system uses
a wide-field optical sectioning microscope for image
acquisition and subsequent computational image pro-
cessing to increase resolution. Fixed cells were imaged
on standard microscope slides embedded as described
above. For live cell imaging HeLa cells were seeded on
round, 40-mm diameter glass coverslips (Bioptechs Inc.
Butler, PA) coated overnight with poly-L-lysine (Sig-
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ma), and were transfected with tagged connexins. Next
day, coverslips were mounted in a closed live cell cham-
ber (Focht Live-Cell Chamber System FCS2, Bioptechs
Inc.) using phenolred-free DMEM (Gibco BRL, Grand
Island, NY). Temperature was kept constant at 37°C
using the attached automatic FCS2 temperature con-
troller. A Kodak Photometrics, CH350L liquid cooled
charged coupled device (CCD) camera (500 KHz, 12 bit,
2MP, KAF1400GI, 1,317 X 1,035 pixels) was used for
imaging, attached to an inverted Olympus IX-70 wide-
field fluorescence microscope. The autofluorescent pro-
teins CFP, GFP, and YFP were excited with a standard
mercury arc lamp attached to a fiber optic illumination
scrambler providing even illumination. GFP and FITC
fluorescence were detected using a standard FITC filter
set, Texas Red fluorescence was detected using a stan-
dard rhodamine/Texas Red filter set. CFP and YFP
fluorescence was imaged alternating by exchanging fil-
ters mounted in a filter wheel. An 86002-filter set
(CFPex 436/10, CFPem 470/30, YFPex 500/20, YFPem
535/30, Chroma Technology Corp., Brattleboro, VT)
was used. Optical sections of gap junction plaques as-
sembled from CFP, GFP, and YFP tagged connexins
were generally acquired at maximum magnification
(Plan-Apochromat 100X, NA 1.35 oil immersion lens,
plus 1.5X auxiliary magnification). Section planes were
collected in 0.1-0.2-pm steps covering the entire z-axis
field of 5—10 pm using the Applied Precision Inc. mo-
torized stage. Images were acquired setting binning,
and gain of the CCD camera to 1, resulting in a mini-
mum pixel size that corresponds to 44.8 X 44.8 nm of
the specimen. In some experiments, the relatively low
signal and bleaching of CFP required to set the gain to
4 to obtain decent exposure times. In general, 0.2—0.5-
second exposure times were required to obtain suffi-
ciently saturated images suitable for deconvolution (=
1,100 gray levels, dynamic range of the cooled CCD
camera was 0—-4095) with GFP, FITC, and Texas Red.
Exposure times were between 0.2—-1 second for YFP,
and 2-5 second for CFP. Images were saved and pro-
cessed on attached Silicon Graphics workstations (02,
Octane) using the DeltaVision software package sof-
WoRx (Version 2.5), stored on CD-ROM, and finalized
with Photoshop (version 5.02, Adobe Systems Incorpo-
rated, San Jose, CA) on a MacIntosh G3 (Apple Com-
puter Inc., Cupertino, CA).

RESULTS
Structural Organization of Gap Junctions
Revealed by High-Resolution Fluorescence
DV Microscopy

HeLa cells were transiently transfected with GFP
tagged o, (Cx43). Cell-pairs with gap junction plaques
assembled in their adjoining membranes were imaged
using either a DV microscope, a laser scanning confocal
microscope, or a conventional wide-field fluorescence
microscope. To obtain images of complete gap junction
plaques, a set of z-sections spaced 0.2 wm apart was
acquired with the DV microscope, and with the confocal
microscope, respectively, that covered the entire depth
of a plaque. Images acquired with the DV microscope
were deconvolved. Volume reconstructions of the gap
junction plaques were rendered from the z-section
stacks acquired with the DV, and the confocal micro-
scope, respectively. Conventional fluorescence wide-
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Fig. 1. Structural organization of gap junctions. Large gap junc-
tions, as, for example, present in otocyst sensory epithelium, undif-
ferentiated epidermis, and inner ear, were imaged at high primary
magnification (100X lens) by conventional wide-field fluorescence mi-
croscopy (A), laser scanning confocal microscopy (B), and using a
wide-field deconvolution microscope system (C), after expressing
GFP-tagged «, (Cx43) in transfected HeLa cells. Structural details of

field microscopes collect the entire thickness of the
sample in one image. Large gap junction plaques, such
as present in chicken otocyst sensory epithelium (Gin-
zberg and Gilula, 1979), embryonic epidermis (Risek et
al., 1994), and between cells of the inner ear (Andrew
Forge, University College London, personal communi-
cation), predominantly visible onto their plane, were
imaged with a conventional wide-field fluorescence mi-
croscope (Fig. 1A), imaged with a laser scanning con-
focal microscope (Fig. 1B), and imaged with a DV mi-
croscope system (Fig. 1C). With all three techniques,
gap junction plaques were clearly detected in the ad-
joining plasma membranes of neighboring cells. Struc-
tural details (described below) of the plaques can bee
seen with all three systems when plaques were imaged
at a high primary magnification. The plaques imaged
with the conventional wide-field fluorescence micro-
scope showed some background blur predominantly
due to out-of-focus fluorescence (Fig. 1A), whereas the
image obtained by confocal microscopy appeared
“grainy” (see below) (Fig. 1B). In this comparison, the
image obtained with the DV microscope showed the
highest resolution (for technical description of the sys-
tems see Discussion) (Fig. 1C). Note that the shape of
the plaques is quite irregular. The edges of the plaques
appear wavy and jagged. Sometimes, long extending
protrusions (compare Fig. 2B) or deep invaginations
devoid of gap junction channels (compare Fig. 1A) can
be seen on their edges. Fluorescent vesicles were found
in close proximity to the plaques and further away in

the gap junctions (see text) are visible in all three images. Structural
details of the gap junction plaques were resolved best in the decon-
volved image. The conventional fluorescence image shows some blur
due to out-of-focus fluorescence, and the confocal image is relatively
low in contrast and therefore appears somewhat “grainy.” Bars =
5 pm.

the cytoplasms of the cells that may represent trans-
port vesicles, and/or partial plaque degradation prod-
ucts. Finally, circular, and sometimes irregularly
shaped areas (approximately 0.1- 1 um in diameter),
not containing gap junction channels, were detected in
all three images within the plaques (Fig. 1A-C). They
were resolved best in the deconvolved images. The
characteristics described above were also seen in
smaller (= 2 pm diameter) gap junction plaques, in gap
junction plaques that were assembled in stable trans-
fected cell lines, as well as in plaques assembled from
untagged and endogenously expressed connexins (com-
pare Figs. 4A, and 6). All images presented in this
comparison were acquired with 100X lenses. One
should mention here that the different microscope
types, objective lenses, and recording systems used in
this comparison may influence the quality of the im-
ages, and therefore, should be similar for a truly real-
istic comparison. Furthermore, completely optimized
adjustments of the individual microscope systems may
have resulted in images with an even higher quality.

Three-Dimensional Volume Rendering of Gap
Junction Plaques

Computational image processing using advanced
computer software was used to render three-dimen-
sional volume reconstructions of gap junction plaques
captured with the DV-microscope system. For that pur-
pose, z-sections were acquired from gap junction
plaques covering the entire depth of the plaques with
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Fig. 2. Volume rendering of gap junction
plaques. Three-dimensional views of gap
junction plaques assembled from «,(Cx43) in
fixed cells (A) and in live cells (B) were ren-
dered by sampling a stack of images spaced
0.2 pm apart covering the entire depth of the
plaques. Images were deconvolved, volume
views were reconstructed from the image
stacks using softWoRx computer software,
and rotated 180° (A), or 360° (B) around their
longitudinal axis. Representative tilt projec-
tions are shown. Such volume reconstruc-
tions provide a true, three-dimensional im-
pression of entire gap junction plaques as
they appear in the adjoining membranes be-
tween cells. Note the small area of the gap
junction plaque (marked with an arrow in B)
that is only connected with the large plaque
by a thin bridge that is only a few channels
wide. Nuclei are stained blue, endoplasmic
reticulum is stained red, and gap junctions
assembled from GFP tagged «,(Cx43) are
green. Note that gap junction plaques in the
90° tilted image (A) appear yellow and white,
due to the overlay of green and red, or red,
green, and blue, respectively. Bars = 10 pm.

unprocessed deconvolved

Fig. 3. Structural composition of gap junctions in
live cells assembled from two different connexin iso-
types. Connexin isotypes «,(Cx43), ,(Cx32), and
B,(Cx26) were tagged with the autofluorescent re-
porter proteins CFP and YFP, respectively. HeLa
cells were cotransfected in all possible double-com-
binations, and assembled plaques were imaged to-
gether at high primary magnification. In the images,
CFP emission was pseudocolored green, and YFP
emission was pseudocolored red. Representative im-
ages are shown unprocessed (left) and after decon-
volution (right). Connexin isotypes sharing the
same characteristics (,[Cx32] plus B,[Cx26]) as-
sembled into hetero-oligomeric channels composed
of both connexin isotypes, or into mixed homo-oligo-
meric channels (red and green, appearing homog-
enously yellow), while connexin isotypes with differ-
ent characteristics (a,[Cx43] plus B,[Cx32], and
a,[Cx43] plus B,[Cx26]) assembled into well-sepa-
rated domains (red or green). Note how the decon-
volution process increases image resolution. Bars =
5 pm.
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an image spacing of 0.2 pm. All frames of the image-
stacks were deconvolved, three-dimensional volume re-
constructions generated from the z-section stacks using
softWoRx computer software, which then were rotated
around their longitudinal axis (Fig. 2A and B). Such
volume reconstructions provide a realistic, three-di-
mensional impression of entire gap junction plaques as
they appear in the adjoining plasma membranes be-
tween living cells. Structural details described above
were also visible in the volume reconstructions. That
gap junction plaques appearing as one-dimensional
puncta and lines in an edge-on view indeed represent
two-dimensional sheets that extend throughout the
plain of the membranes can be demonstrated by this
technique as well.

Dual-Color, Live-Cell DV Microscopy of Gap
Junction Plaques

To obtain detailed information on the structural com-
position of gap junction plaques assembled from two
different connexin isotypes, «;(Cx43), B,(Cx32), and
B,(Cx26) were tagged with the GFP color variants
ECFP and EYFP, respectively, and were imaged to-
gether in cotransfected live HeLa cells. CFP tagged
connexins were pseudocolored green, and YFP tagged
connexins were pseudocolored red. Unprocessed and
deconvolved images of representative plaques are
shown in Figure 3. When CFP-tagged B,(Cx32) was
cotransfected with YFP tagged B,(Cx26), the two pro-
teins were distributed homogenously throughout the
plaque resulting in yellow colored plaques (Fig. 3, top).
When tagged «;(Cx43), and B,(Cx32), or o;(Cx43) and
Bo(Cx26) were coexpressed, still both proteins traf-
ficked to the same gap junction plaques, but assembled
into well separated domains (green, or red) consisting
of either connexin isotype (Fig. 3, middle and bottom).
Identical results were obtained when tags were ex-
changed (not shown). These results suggest that coex-
pressed connexins sharing yet unknown characteristics
may assemble into hetero-oligomeric, and probably
hetero-typic channels, while coexpressed connexins
with different characteristics only oligomerize into ho-
mo-oligomeric and homo-typic channels, and only as-
semble into well-separated domains. This hypothesis is
consistent with results published previously by us, and
others, investigating the homo- and hetero-oligomeric
composition of connexons, and complete gap junction
channels by biochemical, immunological, and electro-
physiological approaches (Brink et al., 1997; Falk et al.,
1997; He et al., 1999; Jiang and Goodenough, 1996;
Stauffer, 1995).

In general, more or less extensive yellow areas were
present in our unprocessed images of the plaques as-
sembled from a and B subclass connexins that would
suggest a homogenous mixing of the two connexin, or
channel types in these areas of the plaques (Fig. 3,
unprocessed images, middle and bottom). However,
these yellow areas disappeared, or were reduced to
narrow borders located only between green and red
domains after the images were deconvolved (Fig. 3,
deconvolved images, middle and bottom). The enhance-
ment of the image resolution by the deconvolution pro-
cess (see below) indicates that domains consisting of
mixed channel populations do not exist in these o/
plaques, and the appearance of yellow is an imaging
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artifact, generated by the limited spatial resolution of
light microscopic techniques. An efficient and complete
separation into either hetero- or homo-oligomeric gap
junction channel types appears convincing if a specific
signal, responsible for connexin subunit recognition
and assembly, is located in the connexin polypeptides.
In previous studies, we have found such signals that
are required for assembly and selectivity of different
connexin isotypes (Falk et al., 1997; 1998; reviewed in
Falk, 2000a,b; Yeager et al., 1998).

DISCUSSION

Previously, fluorescently labeled gap junctions, in
general, were imaged at relatively low magnification.
At low magnification, gap junction plaques appear as
somewhat blurry lines and puncta between cells (com-
pare Fig. 2A) and no structural details are resolved.
For the current study, we have imaged gap junctions at
a higher primary magnification in the absence of fixa-
tives in living cells (Figs. 1, 2B, 3, 4A) and compared
the results with images obtained from fixed cells (Figs.
2A, 4A; see also Fig. 6). In addition, the acquired im-
ages were deconvolved to even better resolve the struc-
tural and organisatorial features of gap junction
plaques.

Dual-Color Live Cell Microscopy Using
CFP and YFP

To obtain more detailed information on the struc-
tural composition of gap junction plaques assembled
from two different connexin isotypes, «;(Cx43),
B1(Cx32), and B4(Cx26) were tagged with the GFP color
variants ECFP and EYFP, respectively, and were im-
aged together in cotransfected live HeLa cells. The
excitation and emission spectra of ECFP (ex. max. =
433 nm; em. max. = 475 nm) and EYFP (ex. max. =
513 nm; em. max. = 527 nm) lie far enough apart from
each other so that newly developed specific filter sets
now sufficiently allow to separately excite and record
the emitted light. However, because of the overlapping
emission spectra of CFP and YFP, results obtained
should be accompanied by relevant controls. For exam-
ple, CFP emission bleeding into the YFP channel may
occur and should be checked for. The reduced bright-
ness and relatively fast bleaching nature of the CFP
variant can pose further problems when larger num-
bers of exposures will be acquired. Excitation and emis-
sion spectra of EGFP (ex. max. = 488 nm, em. max. =
509 nm) lie in between the spectra of CFP and YFP,
and make this variant not suitable for dual imaging
with either CFP or YFP. Another color variant of GFP,
blue fluorescent protein (BFP) is commercially avail-
able (Clonetech; Quantum Biotechnologies Inc.), which
has excitation and emission spectra further shifted to
blue light (ex. max. = 380 nm; em. max. = 440 nm) that
allows double imaging with GFP. However, its very
rapid bleaching does not allow multiple exposures and,
therefore, it is not very useful for DV and confocal
microscopy, and volume rendering, or time lapse imag-
ing (M. Falk, unpublished results). The availability of
novel autofluorescent proteins, such as the now com-
mercially available DsRed (Clontech) isolated from the
IndoPacific sea anemone relative Discosoma spec.
(Matz et al., 1999), may in future prove useful for gap
junction research and the above-mentioned techniques.
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Fig. 4. Spatial resolution of gap junctions
achieved with deconvolution microscopy. To
demonstrate the maximal spatial resolution
that we achieved with the deconvolution (DV)
microscope system implemented in this
study, gap junction plaques (marked with ar-
rows) are shown in comparison to gap junc-
tion plaques that were imaged with an elec-
tron microscope. A: On the left, gap junctions
endogenous to glial cells were stained with an
«,(Cx43) specific antibody in combination
with a Texas Red coupled secondary antibody
(red) and imaged at maximal primary mag-
nification (100X lens, plus 1.5X auxiliary
magnification). Nuclei were stained with
DAPI (blue). On the right, thin-sectioned
cells imaged with an electron microscope
(EM) are shown at the same final magnifica-
tion (space bars in both images represent
2 pm). The gap junction plaque in the EM
image corresponds in size to the large gap
junction at the bottom of the DV image. The
smaller gap junction plaques correspond in
size to mitochondria (M). Structural features,
including nonjunctional membranes, were re-
solved. Note that the gap junctions imaged
with the DV microscope are seen in a planar
view, whereas the plaque imaged with the
EM is seen on edge. ER, endoplasmic reticu-
lum; N, nuclei; PM, plasma membrane. B: On
the left two gap junction plaques are shown
assembled from GFP-tagged «,(Cx43) in
transfected HeLa cells. Nonjunctional mem-
branes present within the plaques appear as
dark holes in the labeled planar views of the
plaques. Plaques were imaged at maximal
magnification (100X lens, 1.5X auxiliary
magnification). The boxed area is shown be-
low at higher secondary magnification. Pixels
corresponding to individual light sensitive
areas of the CCD camera photochip are
clearly visible. At this maximal magnifica-
tion, each pixel corresponds to a specimen
area of 44.8 X 44.8 nm, or approximately 5 X
5 gap junction channels. The two nonjunc-
tional membranes, localized approximately
two pixels (~ 100 nm) apart, were clearly
separated. On the right, an image of a gap
junction freeze-fracture replica is shown in
comparison at approximately 4 times higher
final magnification. Note the central nonjunc-
tional membrane that measures approxi-
mately 5 X 5 channels or 50 X 50 nm in
diameter. Bars are in pm. [Color figure can
be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

=40 channels
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Observation of proteins in live cells requires that the
proteins be labeled with fluorescent probes. Such
probes can, for example, be delivered to the cells via
microinjection or by uptake. The cDNAs of autofluores-
cent reporter polypeptides, such as CFP, GFP, and YFP
can be fused to the cDNAs encoding the proteins of
interest and can be expressed simultaneously with
them. Such autofluorescent protein probes have the
advantage that they are highly specific and do not
require cofactors to become fluorescent. Their use, how-
ever, requires that the DNA sequence encoding the
target protein has been cloned. Although autofluores-
cent proteins can be useful in fixed cells as well, they
are not required. A large group of fluorescent tracer
molecules coupled to secondary antibodies are commer-
cially available that emit fluorescence at different
wavelengths covering the entire spectrum of visible
light. Fluorescein (FITC) and Texas Red are the most
popular stains. They are simpler to use for dual-color
labeling experiments then CFP and YFP, since their
excitation and emission spectra are located further
apart, and they can be imaged with standard filter sets
found in most fluorescence microscopes. Their use,
however, requires that specific antibodies directed
against the target protein are available. The effort,
money, and time to produce a specific antiserum may
be better invested than simply tagging the target pro-
tein with GFP. Although, in most cases completely
inert, the GFP tag is quite large (24 X 42A in diameter;
Ormo et al., 1996) and may interfere with the normal
behavior of the target protein as for example reported
in Doyle and Botstein (1996), Dabiri et al. (1997), and
Ayoob et al. (2000). A thorough comparative analysis of
the fusion protein with the wild type, as was done for
the current analysis (see Falk, 2000c¢), should always
be performed to ensure the relevance of the obtained
results.

Principles of DV Microscopy

Convolution is a mathematical term used to describe
the process of mixing one function into another. Re-
versing this process (= de-convolution) separates the
two functions and clarifies them. Deconvolution ap-
plied to fluorescence microscopy, is the process of relo-
cating fluorescent blur to its source to enhance image
resolution. In principal, every optical image, including
images obtained by a confocal microscope, can be de-
convolved, if sufficient information of the specimen and
the optical system is available. The deconvolution mi-
croscope system implemented in this study uses a
wide-field microscope for image acquisition as used in
conventional wide-field fluorescence microscopy, to col-
lect all of the fluorescent light that is emitted from a
fluorophor. This is of great advantage if faint or rapidly
bleaching labels will be imaged. This, however, causes
fluorophores located above or below the optical plane of
the objective lens to be excited and imaged as well, and
thus generate blur by out-of-focus fluorescence. This
can be seen, e.g., in the image of the gap junction
plaque acquired by conventional wide-field fluores-
cence microscopy shown in Figure 1A. A second major
factor-causing blur is related to the point spread func-
tion (PSF) of the objective lens used to image the object.
The PSF describes the imaging characteristics of an
objective lens. No optical lens system, regardless of its
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quality, can produce a perfect image of an object, since
light will be scattered when passing through the opti-
cal system. This causes a light-point to be spread into a
somewhat larger “light-ball.” The goal of the deconvo-
lution process is to improve image resolution by com-
putationally shrinking the image of the light point to
its original size, and to relocate the out-of-focus fluo-
rescence to its source. Once the size of the image
matches the size of the object, a satisfactory solution
has been achieved (for reviews see Murray, 1998;
Shaw, 1998). Small fluorescent beads of known size,
computational estimates, and specific mathematical al-
gorithms are used in this process. Although mathemat-
ical deconvolution algorithms were available for sev-
eral years, the computationally intensive programs
proved unfeasible to implement. Only recently have
sufficiently fast algorithms and computers become
available at a reasonable cost that made deconvolution
microscopy practical for a more widespread use. The
DeltaVision system implemented in this study uses the
constrained iteration method developed by Agard et al.
(1989). Different algorithms have been developed by
other researchers and are used in other systems as well
(for a comprehensive listing see Shaw, 1998).

In contrast, confocal microscopes use dual pinhole
apertures to restrict unwanted light from reaching the
imaging detector (a photo multiplier tube). Out-of-focus
light is never collected and, therefore, image resolution
is improved. Using pinholes, however, requires using a
laser as illumination source since most of the light
emitted from the specimen is not imaged and will be
lost. This restricts the variety of fluorophors that can
be used since lasers produce light with specific wave-
lengths only. CFP, for example, cannot be excited with
standard krypton/argon-ion lasers. Other types of la-
sers are, however, available that emit light with the
required wavelength (for a recent comparative listing
of currently commercially available systems, see
McAdara, 2000). Resolution is often reduced by a low
signal-to-noise ratio due to the discarding of light emit-
ted by the specimen often resulting in “grainy” images
as, for example, seen in the image of a gap junction
plaque shown in Figure 1B. Other features of confocal
microscopes, such as their advantage to examine thick
specimens, their photo-bleaching ability, and true sec-
tion-imaging, as well as additional newly developed
technologies such as the Nipko dual-disk scanning
technology (UltraView, Perkin Elmer Wallac Inc.,
Gaitherburg, MD) are clearly of superb value (for re-
views see Murray, 1998; McAdara, 2000).

Conventional wide-field fluorescence microscopes
collect the entire thickness of the sample in one image,
and fluorescence blur will be present. Their main ad-
vantages, however, include speed, much lower costs,
and simple usage, making them irreplaceable work-
horses ideally suited for routine applications (for re-
view see Keller, 1998). Furthermore, an objective lens
with an adjustable aperture can be used to restrict the
contribution of out-of-focus fluorescence from an image.

Size of Image-Files and Data Handling

Besides the relatively high costs (comparable to an
electron microscope) that, in part, are due to the high-
precision components required to obtain highly satis-
factory results, a substantial drawback of DV micros-
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copy today, as we see it, is that it is still a relatively
slow technique. This is mainly due to the time-consum-
ing deconvolution and image-processing functions that
can take many times longer than the actual imaging
process. In part, this is caused by the large data files
generated by this technique. For example, a single
image of a gap junction plaque, 512 X 512 pixels in size
comprises ~ 0.5 Megabytes. Dual-color z-scans consist-
ing of 50 sections, taken with a spacing of 0.2 um,
covering ~ 10 wm, which were generally required to
image the entire thickness of a gap junction plaque as
the ones shown in Figures 2 and 3, require
50 Megabites of storage. Deconvolved files, volume
views, and movie files require similar space when
saved uncompressed. This means that three to four of
such z-scans including image processing files can easily
fill the entire capacity of a CD-ROM, and require sev-
eral hours to be deconvolved and processed. Time lapse
recordings can easily get to a size of 200 Megabites. A
dedicated person may fill 50 CDs or more with data in
one year! It appears obvious that such amounts of data
require a thorough and sophisticated filing and storage
system. In our opinion, however, the obtained high-
resolution images and many different image-process-
ing capabilities that are offered with the software pack-
age are, without doubt, worth the effort.

Spatial Resolution Achieved With
DV Microscopy

When HeLa cells were cotransfected with two con-
nexin isotypes that bear different subclass-character-
istics, we found that the two connexins assembled into
separate domains consisting of either connexin isotype
(red and green areas). However, more or less extensive
yellow plaque areas were also observed in the unproc-
essed images as, for example, seen in the gap junction
plaques shown in Figure 3 (middle and bottom). The
yellow color would suggest a mixing of the two con-
nexin, or channel types in these areas of the plaque.
The yellow areas, however, disappeared, or were re-
duced to narrow borders located only between green
and red domains after the images were deconvolved
(Fig. 3, middle and bottom). The enhancement of the
image resolution by the deconvolution process indi-
cates that domains consisting of mixed channel popu-
lations do not exist in these o/ plaques, and the ap-
pearance of yellow is an imaging artifact, generated by
the limited spatial resolution of classical light micros-
copy techniques. Ideally, the yellow borderline should
disappear completely if different homogenous domains
solely adjoin each other. A yellow line will remain,
however, if pixels on the photochip of the CCD camera
overlap the border region and sense both emission sig-
nals.

With the DV microscope system used in this study,
we obtained images of gap junction plaques in which a
single light sensitive detector field (pixel) on the pho-
tochip of the CCD camera corresponded to an area of
44.8 X 44.8 nm when images were collected at maximal
magnification (100X lens plus 1.5X auxiliary magnifi-
cation). This corresponds to an area of approximately
5 X 5 gap junction channels (Revel and Karnowsky,
1967). Over-sampling, in general, increases the resolu-
tion possible with the system used (DeltaVision infor-
mation brochure). However, image resolution will still
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be limited since resolution is determined by the wave-
length of the fluorescent light. In Figure 4A (left panel)
gap junction plaques endogenous to glial cells are im-
aged and compared to a thin section electron micro-
graph (right panel) of cells imaged at the same final
magnification (space bars in both images have the
same length and represent 2 pm). Note that the
plaques in both images have comparable size. In the
deconvolved image shown in Figure 4B (left panels),
two gap junction plaques are shown that include non-
junctional membranes (Friend and Gilula, 1972), ap-
pearing as dark, circular areas in the fluorescent back-
ground of the densely packed gap junction channels.
The boxed area is shown below with a higher secondary
magnification. Individual pixels are now clearly visible
on this image. The upper nonjunctional membrane
area marked covers approximately 4 pixels in diame-
ter, corresponding to ~200 nm or ~20 gap junction
channels. The two nonjunctional membrane areas are
spaced by 2 pixels (~100 nm) only and are clearly
separated from each other. A freeze-fracture replica of
a gap junction plaque imaged by electron microscopy is
shown in comparison (Fig. 4B, right panels). The cen-
tral circular nonjunctional membrane area measures
~50 nm in diameter, corresponding to ~5 gap junction
channels. In a comparable study, Shah et al. (1998)
were able to distinguish two proteins, Nup214, and
Tpr, which are located ~200 nm apart on the nuclear
pore by laser scanning confocal microscopy.

Previously, freeze-fracture electron microscopy was
used almost exclusively to study the structural compo-
sition of gap junctions. Several of the structural details
such as the wavy edges, the nonjunctional membrane
areas within the junctional membranes, and smaller
aggregates of channels in proximity to a larger aggre-
gate have been seen by this technique as well. How-
ever, freeze fracture electron microscopy is only feasi-
ble in fixed or cryo preserved cells, provides only a thin
section of a fragment of a plaque, and does not allow to
characterize the proteins on the image. SDS freeze
fracture immuno labeling (Fujimoto et al., 1997) now
allows direct labeling of proteins on the replicas but
still not in a quantitative manner. Furthermore, sev-
eral reports have indicated that the fixation process
may alter the packing of the gap junction channels. The
ultra high resolution that resolves individual gap junc-
tion channels, however, is clearly a superb feature of
this technique that is of extreme value.

True Colocalization

The colocalization of two different structures or pro-
teins in a cell can be concluded from their overlap on a
merged image. This, however, is critically influenced by
the resolution of the image and the distance that sep-
arates the two structures. If the structures are small,
and they are located close to each other, a high image
resolution is required to decide if the two structures are
truly colocalizing. The term colocalization actually al-
ways requires precise definition, since colocalization
will always depend on how colocalization is defined. In
Figure 5, an example is shown that demonstrates this
point. The images show fixed HeLa cells in which the
Golgi apparatus was stained with two antibodies di-
rected against the two Golgi marker proteins Manno-
sidase II (red) and p58K protein (green). DNA in the
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unprocessed
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deconvolved

Fig. 5. Colocalization and image resolution. To decide if two struc-
tures or proteins truly colocalize is critically dependent on a high
image resolution. This is demonstrated in HeLa cells in which the
Golgi apparatus was stained with two antibodies recognizing the
marker proteins Mannosidase II (red) and p58 K protein (green).
Nuclei were stained with DAPI (blue). Cells were imaged with the DV
microscope system implemented in this study at maximal magnifica-

nucleus was stained blue with DAPI. Image stacks
covering the entire thickness of the cells were collected
and volume views were rendered from the unprocessed
and the deconvolved image stacks. Note that the two
proteins appear predominantly separated (red and
green) on the deconvolved volume view, localizing to
different Golgi domains. In the unprocessed images,
however, they appear as predominantly co-localizing
due to the insufficient spatial resolution of the unproc-
essed images.

Two structures present within an optical section
could also be projected on top of each other, and
thereby appear as if they were colocalizing. This is
demonstrated in the example shown in Figure 6 where
regulatory G-proteins and gap junctions were imaged
in the presence, and in the absence of oleamide treat-
ment (Clement et al., unpublished data). In Figure
6 (top left), four antibody stained vesicular structures
(green, and marked with arrows) appear as if they
colocalize with a gap junction plaque (red), since they
appear predominantly yellow. When the gap junction
plaque is rotated from the view onto its plane into the
view onto its edge (Fig. 6, left), it becomes clear that the
vesicular structures are spatially separated from the
plaque, however, by less than 500 nm. On the other
hand, when the vesicular structures are truly attached
to the gap junction plaque, a yellow border between
green vesicular structures and red gap junction
plaques remain in all projections (Fig. 6, right). Image
stacks covering the entire thickness of the gap junction
plaque were collected at 0.1-pum spacing, images were
deconvolved, volume views rendered, and rotated 60°
around their longitudinal axis. Images shown in Fig-
ures 5 and 6 were acquired at maximal primary mag-
nification (100X lens, plus 1.5X auxiliary magnifica-
tion), and attached CCD camera was set to binning 1,
resulting in the above-mentioned pixel size area of
44.8 X 44.8 nm. This example demonstrates that vol-
ume rendering represents a valid method that can be
used in addition to optical sectioning to gain better

tion (100X lens, plus 1.5X auxiliary magnification) by collecting z-
stacks covering the entire thickness of the cells. Images were decon-
volved, and volume views rendered. Note that the two marker pro-
teins appear predominantly separated on the deconvolved image
(right); however, they appear predominantly colocalizing (yellow) on
the unprocessed image (left) due to insufficient spatial resolution.
Bars = 10 pm.

60" tilt

60" tilt 90 tilt
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insight into the potential colocalization of two struc-
tures.

On the other hand, imaging artifacts could also be
misinterpreted so that truly colocalizing structures ap-
pear as if they were spatially separated. Light emitted
from the specimen passes several different media
(specimen, embedding medium, cover glass, immersion
oil, glass of the lenses) before it reaches the light de-
tector. Not matching refractive indexes of embedding
medium, cover glass, and immersion oil, for example,
can cause such artifacts, since light is diffracted differ-
ently according to its wavelength when it passes
through the media. Specific objectives (Achromats, Flu-
orites) are corrected for chromatic aberration for blue
and red wavelengths, but not for green as Apochromats
are (for review see Keller, 1998), and may produce
artifacts if such objectives are used for colocalization
studies implementing red and green labels (for further
reading, see Dunn and Wang, 2000). Finally, poorly
aligned scanning mirrors of confocal microscope sys-
tems can cause such artifacts as well, since the emitted
wavelength signals will be detected in different loca-
tions in the PMTs. Awareness of such possible imaging
artifacts and appropriate controls should help to en-
sure proper interpretation of the obtained results.

CONCLUSIONS

In this study, fluorescence DV microscopy and image
processing were implemented with live and fixed cells
to obtain novel information on the organization, and
structural composition of gap junction channel plaques.
Gap junctions were visualized in live cells by tagging
their structural proteins «;(Cx43), B,(Cx32), and
B,(Cx26), with the autofluorescent tracers green fluo-
rescent protein (GFP), and its color variants CFP and
YFP. This technology provided true volume reconstruc-
tions of gap junction plaques, as they appear in the
adjoining membranes between live cells, and resolved
details that otherwise could only be seen by ultrastruc-
tural analysis of fixed or cryo-preserved cells. Several
novel aspects related to the organization and struc-
tural composition of gap junctions were revealed that
provide novel insight into the function of gap junctions.
Specifically, the studies demonstrated that the mode of
channel distribution strictly depends on the connexin

Fig. 6. Rotational volume rendering and image information. Rotated
volume views rendered from images of z-section stacks can help to
resolve structural interactions and may increase image information.
This is demonstrated in two volume views of vesicular structures
(stained green and marked with arrows) present in close proximity
(left), or directly bound (right) to gap junction plaques (stained red).
In the two top images on the left, the green vesicular structures
appear as if they were co-localizing with the red gap junction plaque,
since they appear predominantly yellow. When the plaque is rotated
around its longitudinal axis it becomes apparent that the vesicular
structures are spatially separated, but less than 500 nm from the
plaque. When vesicular structures were bound to the plaque, a yellow
border remained in all projections (right). “Co-localization” pretended
by projecting different structures present in the same optical plain on
top of each other can, for example, be resolved using rotational volume
rendering. Z-section image stacks spaced 0.1 pm apart were acquired
with the deconvolution microscope system implemented in this study
at maximal primary magnification (100X lens, plus 1.5X auxiliary
magnification), images were deconvolved, volume views rendered and
rotated. Individual projections were tilted as shown.
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isotypes. In the future, DV microscopy in combination
with fluorescence tagging promises to be very helpful in
investigating the biosynthesis, dynamics, and function
of gap junctions.
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