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Abstract
Combined confocal microscopy and freeze-fracture replica immunogold labeling (FRIL) were used
to examine the connexin identity at electrical synapses in goldfish brain and rat retina, and to test for
“co-localization” vs. “close proximity” of connexins to other functionally interacting proteins in
synapses of goldfish and mouse brain and rat retina. In goldfish brain, confocal microscopy revealed
immunofluorescence for connexin35 (Cx35) and NMDA-R1 (NR1) glutamate receptor protein in
Mauthner Cell/Club Ending synapses. By FRIL double labeling, NR1 glutamate receptors were found
in clusters of intramembrane particles in the postsynaptic membrane extraplasmic leaflets, and these
distinctive postsynaptic densities were in close proximity (0.1–0.3 μ m) to neuronal gap junctions
labeled for Cx35, which is the fish ortholog of connexin36 (Cx36) found at neuronal gap junctions
in mammals. Immunogold labeling for Cx36 in adult rat retina revealed abundant gap junctions,
including several previously unrecognized morphological types. As in goldfish hindbrain,
immunogold double labeling revealed NR1-containing postsynaptic densities localized near Cx36-
labeled gap junction in rat inferior olive. Confocal immunofluorescence microscopy revealed
widespread co-localization of Cx36 and ZO-1, particularly in the reticular thalamic nucleus and
amygdala of mouse brain. By FRIL, ZO-1 immunoreactivity was co-localized with Cx36 at
individual gap junction plaques in rat retinal neurons. As cytoplasmic accessory proteins, ZO-1 and
possibly related members of the membrane-associated guanylate kinase (MAGUK) family represent
scaffolding proteins that may bind to and regulate the activity of many neuronal gap junctions. These
data document the power of combining immunofluorescence confocal microscopy with FRIL
ultrastructural imaging and immunogold labeling to determine the relative proximities of proteins
that are involved in short- vs. intermediate-range molecular interactions in the complex membrane
appositions at synapses between neurons.

2Professor Kazushi Fujimoto died at age 49 on November 28, 2003. His introduction of SDS-FRL for proteomic mapping is gratefully
acknowledged in this report, which extends his pioneering methodology.
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Introduction
The nearly complete decoding of the human genome (Venter et al., 2001;Internat. Human
Genome Seq. Cons., 2001) has spawned the field of “proteomics”, which is focused on protein
sequence identification, elucidation of protein modifications, and delineation of protein-protein
interactions (Giot et al., 2003), with the ultimate goal of understanding complete functional
sets of proteins and the precise nature of their macromolecular arrangements within individual
cells and defined subcellular domains. A central concept emerging is that functionally related
biochemical reactions, cell signaling cascades, and subcellular structural and regulatory
components often involve multiple interacting proteins that are either in direct molecular
contact or are compartmentalized in sufficiently close proximity that diffusion of substrate or
product between interacting proteins occurs in nanoseconds to microseconds. Coincident with
these evolving concepts, it now is appropriate to consider new strategies and technologies for
the systematic identification and mapping of the myriad protein constituents of mammalian
cells. One set of strategies in the arsenal of proteomics is based on high-resolution imaging
and simultaneous mapping of interacting proteins.

Biological imaging methods cover a wide range of formats and resolutions–from whole body
scans for protein localization at the tissue and organ levels, to x-ray crystallography for atomic-
scale analysis of protein structure (see Table 1 for overlapping resolution and imaging ranges
of anatomical imaging techniques). Between these extremes are imaging approaches that
provide essential information at many different levels of resolution. Light microscopy
(including laser scanning confocal microscopy), combined with immunohistochemistry,
allows assignment of proteins to cells and subcellular structures, giving a general view of
protein distribution, abundance, localization and co-association, and provides the basis for
more detailed ultrastructural and molecular analyses. At the other end of the spectrum,
fluorescence resonance energy transfer (FRET) allows identification of protein molecules that
are in direct molecular contact or that are separated by < 5 – 10 nm (Verveer et al., 2003).
However, due to diffraction-limited phenomenon for focusing photons of any wavelength,
FRET is not capable of visualizing proteins or mapping them within cells to any greater
resolution than conventional light microscopy. Consequently, there remains the problem of
identifying and mapping proteins or protein arrays that interact functionally over
“intermediate” distances (i.e., 10 nm to 300 nm, which is below the limit of resolution of light
microscopy [LM]) and mapping them to nanometer resolutions. This gap in separately
resolving multiple, closely-spaced proteins is a particularly vexing problem in studies of the
vertebrate CNS, where cellular heterogeneity and morphological complexity often give rise to
plasma membranes of three, four, or more neuronal and/or glial cell processes within the
smallest volume of tissue resolvable by LM (Rash et al., 2001a). To decipher the two- and
three-dimensional distribution of multiple proteins within this convoluted entanglement of
neuronal and glial processes, ultrastructural approaches are required.

Conventional thin-section electron microscopy (TEM), combined with pre-embedding or post-
embedding immunogold labeling methods, has provided invaluable information regarding
simultaneous high-resolution mapping of two or more membrane proteins (Ottersen &
Landsend, 2003), while at the same time revealing the ultrastructural correlates for at least
some of the membrane proteins that are visualized immunohistochemically (e.g. gap junctions,
tight junctions). However, when no recognizable ultrastructural correlate is discernible,
extrapolation of the location or ultrastructural identification of labeled proteins from one
sample to another is difficult if not impossible. Equally important, detergents and solvents are
often used in pre-embedding immunolabeling to permeabilize cell membranes to allow
penetration of antibodies and immunogold beads. Those reagents significantly reduce tissue
contrast and definition, making it problematic to identify many small cell processes as either
neuronal or glial.
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Recently, combined confocal microscopy and freeze-fracture replica immunogold labeling
techniques [collectively called FRIL1 (Rash et al., 1995;Rash & Yasumura, 1999)] have been
used to visualize membrane proteins, to identify replicated proteins within ultrastructurally
defined cellular structures, and to measure distances between labeled protein complexes. For
example, Fujimoto2 1995,1997 used simultaneous double immunogold labeling to show that
connexin32 (Cx32) is present in hepatocyte gap junctions, whereas the zonula occludens-1
(ZO-1) protein is expressed separately in nearby tight junctions. Similarly, FRIL double
labeling was used for simultaneous identification of aquaporin-4 (AQP4) in “square arrays”
and Cx43 in nearby gap junctions of astrocyte and ependymocyte plasma membranes (Rash
et al., 1998b;Rash & Yasumura, 1999).

Here, we demonstrate combined confocal microscopy and FRIL for discriminating between
“co-localized” proteins vs. proteins in “close-proximity” in rodent and goldfish brain. We
determined the relative proximity and subcellular location of two proteins that physiological
measurements (Cx35/NR-1) and immunological and biochemical analyses (Cx36/ZO-1)
suggest to be functionally associated. In “mixed” (chemical plus electrical) synapses in goldfish
and rat brain, we show that Cx35 (a principal protein forming the intercellular channels of
neuronal gap junctions in goldfish) is closely associated with glutamate receptor subunit NR1,
which is present in distinctive clusters of intramembrane particles that represent the freeze-
fracture correlate of the postsynaptic densities (PSDs) seen in conventional thin section electron
micrographs. By FRIL, we confirmed that similar glutamatergic mixed synapses occur in rat
inferior olive, with Cx36-containing gap junctions occurring within 0.1 μ m of NR1-containing
PSDs. Using FRIL, we identified several new morphological classes of gap junctions that,
nevertheless, are abundant between neurons in adult rat retina. By confocal
immunofluorescence microscopy, we mapped the overall distribution of Cx36 in amygdala
and reticular thalamic nucleus in mice and showed co-localization of Cx36 with ZO-1 protein,
a primary scaffolding protein of apical plasma membranes. After FRIL confirmation of the
efficacy of ZO-1 antibody labeling on tight junctions of adult rat liver, we confirmed co-
localization of Cx36 and ZO-1 in individual gap junction plaques in rat retina. Thus, we have
demonstrated that the combination of confocal microscopy and FRIL provides for
unprecedented visualization and nanometer-scale mapping of interacting integral and
peripheral membrane proteins—from their subcellular domains to their gross anatomical
locations within the functional vertebrate “proteome”.

Materials and methods
IMMUNOHISTOCHEMISTRY OF GOLDFISH NEURONS

Goldfish were perfused intracardially with 4% formaldehyde in phosphate buffered saline
(PBS, 0.12 M at pH 7.4) for 15 minutes, kept overnight in phosphate-buffered saline, and
sectioned (20–50 μ m) with a TPI Vibratome (Technical Products International, St. Louis,
MO). Sections were rinsed several times with PBS, incubated overnight with either anti-Cx36
(Ab298; 1:1000/5000; from JI Nagy), anti-NR1 (Apteronotus aptNR1, 1:500/1000 [courtesy
of R. Dunn, McGill University; Berman et al., 2001]) or anti-Cx35 (MAB3045, 1:200/2000;
Chemicon International, Temecula, CA). Primary antibodies and source data are listed in Table
2. Samples were rinsed in PBS, incubated for 2 hours with Texas Red-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA), and rinsed with PBS.
Sections were mounted on slides, dehydrated, cleared, covered, and examined under
transmitted light or using fluorescence and confocal microscopes (Leitz Aristoplan and BioRad
Radiance 2000 Laser Scanning Confocal Microscope). Control sections were incubated with

1We distinguish “FRIL” from “SDS-FRL” because Fujimoto’s original technique (Fujimoto, 1995,1997) did not permit tissue
visualization or “grid mapping” by confocal microscopy, both of which are requirements for high-resolution proteomic mapping in the
vertebrate CNS.
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secondary antibodies in the absence of primary antibodies. To allow anatomical identification
of Mauthner cells during confocal grid mapping, electrodes were filled with a 5% solution of
Lucifer yellow (CH, lithium salt; Molecular Probes, Eugene, OR) in distilled water, and this
solution was iontophoretically-injected into the Mauthner cell somata (400 ms pulses of 50 nA
for 20 minutes). For FRIL, goldfish hindbrains were sectioned to uniform 150-μ m thickness
and frozen according to procedures detailed below.

LM IMMUNOHISTOCHEMISTRY OF MOUSE BRAIN
Ten wildtype (WT) and ten Cx36-knockout (KO) C57/BL6-129vEv mice were used for
immunohistochemical analysis of Cx36 in brain, and for studies of Cx36 co-localization with
ZO-1 in various brain regions. Heterozygous pairs of Cx36+/− mice (Deans et al., 2001) were
kindly provided by Dr. David Paul (Harvard University), and animals were bred at the
University of Manitoba. Care and treatment of mice was in accordance with approved
experimental protocols of the University of Manitoba Central Animal Care Services.
Verification of WT and Cx36 KO genotype was performed as described elsewhere (Li et al.,
2004a). Sixteen-day-old and adult mice were deeply anesthetized and perfused transcardially
with 3 ml of pre-fixative (50 mM phosphate buffer, 0.1% sodium nitrite, and 1 unit/ml heparin),
followed by 40 ml of fixative (160 mM sodium phosphate buffer, pH 7.6, 0.2% picric acid and
1% formaldehyde from freshly depolymerized paraformaldehyde), followed by perfusion with
a sucrose wash (10% sucrose, 25 mM sodium phosphate buffer, pH 7.4). Brains were removed
and stored at 4° C in cryoprotectant (10% sucrose, 25 mM phosphate buffer, pH 7.4, 0.04%
sodium azide) for 16 h. Cryostat sections (10 μ m thick) were collected on gelatinized glass
slides. Double-immunofluorescence labeling was performed with all primary and secondary
antibodies diluted in TBST (50 mM Tris-HCl buffer, pH, 7.4, 1.5% NaCl, 0.3% Triton X-100)
containing 10% normal goat serum. Sections were incubated for 16 h at 4° C with either rabbit
polyclonal anti-Cx36 antibody (Ab36-4600, Zymed Laboratories Inc., South San Francisco,
CA) or anti-Cx36 (Ab51-6300; Zymed) at a concentration of 3 μ g/ml, and simultaneously
with mouse monoclonal anti-ZO-1 antibody (Ab33-9100; Zymed) at 4 μ g/ml. Alternatively,
sections were incubated with monoclonal anti-Cx36 (Ab37-4600; Zymed) in combination with
polyclonal anti-ZO-1 (Ab61-7300; Zymed), followed by incubation with the appropriate
combination of secondary antibodies. [The polyclonal anti-ZO1 antibody has an additional
cross-reactivity in brain tissue with a protein of 60kDa, the identity of which is uncertain; Li
et al. 2004a.] Sections were washed for 1 h in TBST, and incubated for 1.5 h at room
temperature with AlexaFluor488-conjugated goat anti-rabbit IgG (Molecular Probes) diluted
1:1000, and simultaneously with Cy3-conjugated goat anti-mouse IgG (Jack-son) diluted
1:200. Sections were then washed in TBST for 20 min, followed by a rinse in 50 mM Tris-HCl
buffer (pH 7.4) for 30 min, dried and coverslipped with anti-fade medium. Non-immunostained
sections and sections labeled only for Cx36 were counterstained by incubation for 10 min with
Neuro-Trace 530/615 (Molecular Probes) Nissl stain diluted 1:200 in PBS (100 mM sodium
phosphate buffer, pH 7.4, 0.9% NaCl). Fluorescence was examined using a Zeiss Axioscop2
fluorescence microscope and an Olympus Fluoview IX70 confocal microscope. Images were
acquired using Axiovision 3.0 (Carl Zeiss Vision GmbH, Germany) and Fluoview 2.1 software,
respectively, and assembled using Photoshop 7.0 (Adobe Systems, San Jose, CA).

PREPARATION OF TISSUES FOR FRIL
Adult Sprague-Dawley rats (120–540 g) were anesthetized with Ketamine/Xylazine (80 mg/
kg; 8 mg/kg) and fixed by whole body perfusion with 1% or 2% formaldehyde in Soren-son’s
phosphate buffer, pH 7.4. The eyes, brain, and liver were removed, dissected, cut into 100–
150 μ m-thick slices using a refrigerated Lancer 1000 Vibratome (Technical Products
International), and the slices were prepared for FRIL.
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Rat and goldfish tissue slices were infiltrated with 30% glycerol (as a cryoprotectant to
minimize damage during freezing) and frozen by contact with a liquid nitrogen-cooled metal
mirror (Phillips & Boyne, 1984). Frozen samples were fractured in a JEOL 9010C freeze-
fracture device (RMC Products, Tucson, AZ), pre-coated with 1nm of vaporized carbon
(Winkler et al., 2002), replicated with 1–1.5 nm of vaporized platinum, and coated with 5–20
nm of vaporized carbon. Each replicated but still frozen sample was bonded to a gold “index”
grid (G200-F1-Au; Electron Microscopy Sciences, Fort Washington, PA) using 1.5–2% Lexan
(GE Plastics, Pittsfield, MA; available from local plastic suppliers) dissolved in ethylene
dichloride. The ethylene dichloride solvent was evaporated by slowly raising the sample
temperature from −95° C to −35° C. The resulting Lexan-replica-tissue-grid “sandwich” was
thawed and mapped by confocal microscopy prior to immunogold labeling.

IMMUNOGOLD LABELING
Bulk tissue remnants were removed from the Lexan-stabilized replicas by washing in 2.5%
SDS detergent in TRIS-HCl buffer (pH 8.9) for 29 hr at 48.5° C. (For mammalian tissues, this
solution was replaced for 3 hr with 2% collagenase D (Boehringer-Mannheim, Mannheim,
Germany) in 150 mM phosphate buffer. This washing procedure leaves a thin film of lipid and
protein molecules adhering to the highly absorptive platinum/carbon replica, plus additional
molecules that are bound to those molecules that are directly adsorbed to the replica (Fujimoto,
1995;Rash & Yasumura, 1999). SDS-washed replicas were rinsed in “blocking buffer” [10%
heat-inactivated goat serum, 1.5% fish gelatin in Sorenson’s phosphate buffer, pH 7.4;
(Dinchuk et al., 1987)] and labeled for 60-220 minutes using various combinations of mouse
monoclonal and rabbit polyclonal antibodies. Antibodies to Cx36 included polyclonal Ab298
(Rash et al., 2000;Pereda et al., 2003) and polyclonal Ab36-4600 (Zymed) and monoclonal
Ab51-6300 (Zymed). Monoclonal antibodies to glutamate receptor subunit NR1 (Ab55-6308)
were obtained from BD Biosciences PharMingen (San Diego, CA), and antibodies to ZO-1
were obtained from Zymed (monoclonal Ab33-9100 and poly-clonal Ab61-7300). Anti-Cx32
(mouse monoclonal MAB3069; Chemicon) was used to label adult rat liver. Labeled samples
were rinsed and counter-labeled using goat anti-rabbit IgG and goat anti-mouse IgG, each
coupled to a separate size of uniform-diameter gold beads (6, 12, or 18 nm; Jackson).

After immunogold labeling, each sample was air dried and coated on the labeled side with 10–
20 nm of evaporated carbon, to anneal cracks in the replica, as well as to stabilize the
immunogold beads. The Lexan support film was removed by immersing the grids in ethylene
dichloride solvent for 1–2 h, labeled replicas were air dried, and the grids were examined by
TEM.

ELECTRON MICROSCOPY
FRIL samples were examined in JEOL 2000 EX-II and JEOL 1200 EX transmission electron
microscopes, and stereoscopic images (8° included angle; tilt range ± 60° and 45° ±) were
obtained at TEM magnifications from 10,000X to 100,000X. Negatives were digitized by an
ArtixScan 2500f digital scanner (Microtek; Carson, CA), and processed using Photoshop 7.01
(Adobe Systems). Selected regions are presented as stereoscopic “triplets” consisting of a
stereo pair (left pair when using a stereopticon-type viewer) and a reverse or “intaglio” pair
(right pair). (Stereoscopy is reversed when viewed by the crossed-eyes method.) Stereoscopic
images are essential for assessing complex three-dimensional membrane topography, as well
as for confirming that each label is on the tissue-side of the replica, whereas relatively rare
non-specific binding is primarily on the Lexan-coated side of the replica (Rash & Yasumura,
1999). The reverse stereo (or “intaglio”) images are especially useful for determining the
“sidedness” of the electron opaque gold beads with respect to the electron-translucent platinum
replicas, as well as for spatial discrimination of the smaller 6 nm gold beads from the equally
electron-opaque granularity of the platinum replica (Rash & Yasumura, 1999).
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Neurons and glia were identified in freeze-fracture replicas based on 24 inclusive and exclusive
criteria described by Rash et al. 1997. For neurons, these included the presence of > 25 uniform
diameter synaptic vesicles in nerve terminal cytoplasm, pre- and postsynaptic membrane
specializations called active zones and postsynaptic densities, and absence of glial cell markers
(GFAP filaments, square arrays, etc.) Gap junctions were identified based on well established
criteria (reviewed in Rash et al., 1998a), including: (a) uniform 8–9 nm diameter
intramembrane particles in replicated protoplasmic leaflets [“P-faces”; the internationally-
recognized freeze-fracture terminology of Branton et al. 1975 is used in this report.] and
uniform 8–9 nm diameter pits in the extraplasmic leaflet (E-face); (b) close packing of IMPs/
pits, often in hexagonal close packing; (c) narrowing of the extracellular space within the border
of the gap junction; (d) maintained alignment of IMPs and pits across the step from E- to P-
face. In addition, immunogold labeling restricted to gap junctions within a single cell type was
considered confirmatory evidence.

Results
CX35 IN NEURONAL GAP JUNCTIONS OF LARGE MYELINATED CLUB ENDING SYNAPSES
ON GOLDFISH MAUTHNER CELLS

In initial immunolabeling experiments to identify connexins in goldfish neuronal gap junctions,
we used anti-Cx36 Ab298 because it was generated against an amino acid sequence that is
similar in goldfish Cx35 (Pereda et al., 2003), the fish ortholog of Cx36 (O’Brien et al.,
1998). (Thus, when used to label goldfish, this antibody is designated anti-Cx35.) Confocal
immunofluorescence microscopy revealed abundant Cx35 in Mauthner Cell/Large Myelinated
Club Ending (MC/CE) synapses (Fig. 1A). Typically, 50–100 fluorescent puncta and small
patches were present at most MC/CE. Thus, by confocal microscopy, MC/CE synapses were
positively identified by their uniquely large size and distinctive subcellular location on the
distal portion of the Mauthner cell lateral dendrites, as well as by their distinctive distribution
of multiple connexin-immunoreactive puncta.

FRIL ANALYSIS OF Cx35 AT MAUTHNER CELL/CLUB ENDING SYNAPSES
Combining physiological and anatomical techniques facilitated identification of Club Endings
by FRIL (Pereda et al., 2003). Mauthner cells, as identified by electrophysiological criteria,
were photomapped by confocal microscopy, and the same cells subsequently were examined
by FRIL. MC/CE synapses contained 80–150 gap junctions, each labeled by multiple
immunogold beads representing Cx35 immunoreacitivity (Fig. 1B and C). [For low
magnification overviews of this same Mauthner cell, see Pereda et al. 2003. Additional
overviews of mixed synapses are provided in Rash et al. (1996,1998a,2000,2001b).] These
mixed synapses had 12 nm gold beads beneath gap junction plaques in the replicated P-face
of the Mauthner cell plasma membrane (Fig. 1B), as well as the E-face of the overlying
presynaptic club ending plasma membrane, as viewed toward the postsynaptic membrane (Fig.
1C). In both of these views of the same synaptic contact, immunogold labeling is to cytoplasmic
epitopes of the connexon hemiplaques of the Mauthner cell (below the replica), and not of the
connexons of the overlying Club Ending that had been removed by freeze fracturing
(interpretive drawing, Fig. 2B and 2C, left side). As commonly observed (Fujimoto,
1995;Fujimoto, 1997;Rash & Yasumura, 1999), labeling of connexons beneath replicated E-
face plaques was somewhat higher than for connexons replicated as P-face plaques. The
structural basis for labeling beneath both P-face particles and E-face pits in the paired hemi-
plaques at gap junctions is shown diagrammatically in Figure 2B. However, the molecular
basis for somewhat greater labeling of connexons beneath replicated E-face pits than beneath
platinum-coated P-face particles is not yet known. Possibly, the additional half membrane of
the extraplasmic leaflet, superimposed on the unfractured membrane below, may protect the
connexons of the underlying cell against heating damage by vaporized platinum and carbon
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(Zingsheim et al., 1970). Alternatively, because the connexons of the subjacent membrane are
not coated with platinum or carbon, which otherwise potentially immobilizes the protein, the
antibodies may have better access to epitopes (Pereda et al., 2003;Fujimoto, 1995,1997;Rash
et al., 1998b;Rash & Yasumura, 1999).

CO-LOCALIZATION OF Cx35 AND NR1 AT LARGE MYELINATED CLUB ENDINGS
Activity-dependent modification of the strength of electrical transmission at MC/CE “mixed”
synapses depends on functional interactions with co-localized or neighboring glutamatergic
synapses (Yang et al., 1990;Pereda & Faber, 1996;Smith & Pereda, 2003). Confocal
microscopic analysis revealed the presence of glutamate receptor NR1-immunofluorescence
labeling within Club Ending synapses (Fig. 1D). The immunofluorescence labeling was largely
localized to the periphery of the contacts, consistent with ultrastructural data describing the
predominance of PSDs that consisted of distinctive arrays of E-face IMPs in the periphery of
freeze-fractured nerve terminals (Tuttle et al., 1986).

SIMULTANEOUS FRIL IMMUNOGOLD LABELING OF Cx35 AND NR1 GLUTAMATE
RECEPTORS

In a different, double-labeled replica of an MC/CE synapse (Fig. 1E) viewed from the post-
synaptic Mauthner cell E-face toward the presynaptic Club Ending (not fractured, but beneath
the MC E-face), Club Ending gap junctions were labeled for Cx35 (in this case, by 18 nm gold
beads; Fig. 1F), and nearby distinctive postsynaptic clusters of E-face IMPs (corresponding to
PSDs as seen in conventional thin sections) were labeled for NR1 glutamate receptor subunits
(12 nm gold beads; Figs. 1G and H). In high magnification stereoscopic and reverse
stereoscopic images, gold beads were detected solely on the extracellular side of the E-face
IMPs (i.e., labels were in the residual extracellular space after SDS washing). In the case of
non-paired structures such as these postsynaptic receptor clusters, sufficient protein remained
after SDS washing to be labeled by anti-NR1 antibodies (interpretive drawing, Fig. 2C, right
side). On the other hand, gap junctions represent paired or mirror image membrane structures
that, because of their unique cleaving properties, were labeled for Cx35 beneath both E-face
pits and P-face IMPs (Figs. 1B, C and F and 2A, red overlays). In both P- and E-face images
of gap junctions, labeling was on the cytoplasmic side of the connexons in the plasma
membrane of the lower cell, whether or not the labeled plasma membrane was visible in that
portion of the replica (interpretive drawing, Fig. 2C–E). For example, when a different, double-
labeled replica was viewed from the opposite side of the cell (i.e., from Club Ending toward
Mauthner cell, Fig. 2A; similar view also shown in Fig. 1B and C) so that the P-face of the
postsynaptic membrane and the E-face of the presynaptic membrane were present in the same
gap junction (Fig. 2A, top; red overlay), gold beads were beneath both P- and E-faces.
However, labeling in both cases was to those connexins in the Mauthner cell plasma membrane
—even for those portions beneath the replicated E-face of the Club Ending. In contrast to gap
junction labeling, clusters of Mauthner cell P-face pits representing the impressions where
glutamate receptors had been removed (Fig. 2A, yellow overlay) were not labeled. As always,
NR1 labeling was to extraplasmic epitopes exposed in the extracellular space. Unlike
connexons, NR1 receptors remain associated with the E-face, where they are resolved as
distinctive clusters of E-face IMPs. Thus, labeling of NR1 receptors occurred only beneath E-
face IMPs, and not beneath P-face pits (interpretive drawing, Fig. 2C, right side vs. left side).
The absence of labeling of those distinctive arrays of P-face pits in the postsynaptic membrane
demonstrates that NR1, as a transmembrane protein, is removed completely from the
protoplasmic leaflet by freeze fracturing, leaving no epitopes to label in the Mauthner cell
cytoplasm.

Distinctive IMPs in E-face arrays similar to the NR1 arrays of goldfish also occur in mammalian
mixed synapses (Rash et al., 1998a,2000,2001b). In preliminary FRIL studies of rat inferior
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olive (Fig. 2F), gap junctions labeled for Cx36 (20 nm gold) were found in close proximity to
E-face IMP arrays that were labeled for NR1 (10 nm gold). (These immunogold labels no
longer available from Chemicon.) Thus, as in goldfish, neurons in rat hindbrain have
“mixed” (electrical plus chemical) synapses containing Cx36 in their gap junctions and NR1-
labeled glutamate receptors in nearby clusters of E-face IMPs, confirming an early conjecture
that on morphological grounds, similar clusters of E-face IMPs were identified in hippocampal
neurons as glutamate receptor PSDs (Harris & Landis, 1986).

Cx36-IMMUNOGOLD LABELING REVEALED MULTIPLE TYPES OF NEURONAL GAP
JUNCTIONS IN RAT RETINA

By FRIL, Cx36-immunoreactivity revealed abundant gap junctions (Fig. 3) in outer and inner
plexiform layers and in the ganglion cell layer of adult rat retina (n > 500). These included
conventional regular and irregular “plaque” gap junctions (Fig. 3A and Fig. 3D, upper left), as
well as several previously unrecognized but abundant classes of gap junctions, including
single- and multi-strand “string” gap junctions (Fig. 3B), single-and multi-strand “ribbon” gap
junctions (Fig. 3C and D, lower right), and relatively rare “meandering” and “reticular” gap
junctions (Rash et al., 1998a) [the latter possibly representing “lace” gap junctions (Raviola
& Gilula, 1975)] (not shown).

“Plaque” gap junctions consist of continuous areas of densely packed connexons, either in
regular hexagonal array (Fig. 3A) or in irregular clusters (this abundant subtype not shown).
Plaque gap junctions were present in all layers of the retina except the outer nuclear layer and
the photoreceptor outer segments. Plaque gap junctions in retina contained as many as 1000
connexons (not shown) to fewer than a dozen IMPs/pits (Fig. 3D, upper left corner). It is
unlikely that plaque gap junctions consisting of fewer than 60 connexons would be detectable
by thin-section electron microscopy, whereas gap junctions with fewer than ten connexons
were readily detected by FRIL.

Single-strand and multi-strand “string” gap junctions (Fig. 3B) consisted of 1–10 curvilinear
rows of connexons, with membrane areas between the strands containing few P-face IMPs or
E-face pits. Multi-strand string gap junctions usually consisted of linked strands, tightly or
loosely aggregated into a compound string gap junction (Fig. 3B, left side), whereas the rarer,
single-strand string gap junctions consisted of a single straight or curved strand (not shown)
or a closed loop (Fig. 3B, right side). Each string of connexons was usually one IMP wide
(occasionally two IMPs wide) and up to 50 IMPs long, with large IMP-free areas often included
within the margin. The component single strands superficially resembled tight junction strands,
but instead of continuous IMP ridges or E-face furrows, each string consisted of individual 8-
nm IMPs/pits, with a center-to-center spacing of 10 nm, as is characteristic of most other types
of gap junctions. Single-strand string gap junctions were equally as well or more highly labeled
for Cx36 than nearby “plaque” gap junctions. Labeling efficiencies (defined in Rash &
Yasumura, 1999) for single-strand string gap junctions were usually > 1:10, whereas labeling
of plaque gap junctions was often 1:30. Other than in an illustrated abstract (Rash et al.,
2001a), these images represent the first documentation of Cx36 in string gap junctions, and the
first demonstration of multi-strand string gap junctions in mammalian CNS.

“Ribbon” gap junctions (Fig. 3C and D, lower right) consisted of 1–10 curvilinear compound
rows of connexons, with each row being 2–6 connexons wide and containing up to 100
connexons per ribbon, and up to 500 connexons per gap junction. Each component ribbon was
surrounded by a 30 nm-wide particle-free zone (Fig. 3C). Multi-stranded ribbon gap junctions
were observed in configurations resembling the letters “C” (Fig. 3D, lower right) and “O”, and
the numeral “8”, as well as in compound gap junctions containing 3–12 ribbons of IMPs/pits
(Fig. 3C). In the most abundant sup-type of multi-stranded ribbon gap junctions, connexons
in each ribbon were in regular hexagonal arrays (Fig. 3C), while in another subtype, the IMPs/
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pits were irregularly distributed (not shown). Most multi-stranded ribbon gap junctions were
labeled at an efficiency equivalent to plaque gap junctions (i.e., LE = ~1:30). [“Ribbon” gap
junctions are not to be confused with “ribbon’’chemical synapses seen in thin section images
of retina (Raviola & Gilula, 1975).]

Cx36 EXPRESSION AND CO-LOCALIZATION WITH ZO-1 IN AMYGDALA AND RETICULAR
THALAMIC NUCLEUS

Several different connexins are reported to associate with the protein ZO-1 (Nielsen et al.,
2001,2002;Duffy et al., 2002). To investigate ZO-1 in association with neuronal Cx36, double
immunofluorescence labeling of Cx36 and ZO-1 was examined in the reticular thalamic
nucleus (RTN) of 16-day-old WT mice (Fig. 4). At low magnification at the anterior-posterior
level of Bregma-0.9 [according to the mouse atlas of Hof et al. 2000], robust
immunofluorescent puncta representing Cx36 labeling were seen, clearly delimiting the
boundaries of the RTN in brains of WT mice (Fig. 4A1). Little or no Cx36-labeling was seen
in the adjacent ventroposterolateral nucleus of the thalamus (left of RTN) or the internal capsule
(area to the right of RTN). A similar distribution and density of Cx36-positive puncta was
evident throughout the RTN at more anterior and posterior levels. Labeling for ZO-1 in the
same field was even more robust, and appeared as both coarse and fine puncta with only a
slightly higher density in the RTN than in surrounding structures (Fig. 4A2). In addition,
threadlike labeling for ZO-1 was seen along blood vessels throughout the brain. Overlay of
low magnification double-labeled images indicated some Cx36 co-localization with ZO-1 (Fig.
4A3); however, the extent of this apparent co-localization was difficult to discern at low
magnification.

Immunofluorescence analysis with anti-Cx36 antibody in brains of 16-day-old Cx36 KO mice
demonstrated a complete absence of punctate labeling for Cx36 in the RTN (Fig. 4B1),
indicating the specificity of the anti-Cx36 antibody employed. Immunofluorescence labeling
for ZO-1 in the RTN of Cx36 KO mice was similar to that in WT mice or was slightly reduced
(Fig. 4B2), and overlay of images from Cx36 KO mice showed an absence of double labeling
(Fig. 4B3) as a consequence of the elimination of Cx36 in these mice. Analysis of double
immunofluorescence by laser scanning confocal microscopy revealed punctate labeling for
Cx36 (Fig. 4C1) and for ZO-1 (Fig. 4C2) in the RTN of WT mice. Nearly all Cx36-
immunopuncta were co-localized with a subset of ZO-1-positive puncta (Fig. 4C3).
Conversely, however, only a small percentage of ZO-1-positive puncta in the RTN was co-
localized with Cx36.

Immunohistochemical analysis of Cx36 and ZO-1 in the amygdala of WT and Cx36 KO mice
is shown in Figure 5. Fluorescence Nissl staining of the amygdala is shown in Figure 5A,
illustrating the basomedial (BMA) and basolateral (BLA) nuclei of the amygdala. Sparse
punctate immunolabeling of Cx36 was observed throughout the amygdala of WT mice, but
dense labeling appeared to be associated specifically with the BMA (Fig. 5B), extending to the
cortical regions of the amygdala (not shown). Immunolabeling of Cx36 in the BLA (Fig. 5C),
shown for comparison, was far less dense. Immunofluorescence labeling of Cx36 was absent
in the BMA (Fig. 5D) as well as the BLA and cortical amygdala regions of Cx36 KO mice
(not shown). By low magnification, double immunofluorescence labeling in BMA of WT mice
revealed a similar distribution of punctate labeling for Cx36 (Fig. 5E1) and ZO-1 (Fig. 5E2),
but with a greater density and variation in intensity of punctate labeling for ZO-1. In addition,
ZO-1, but not Cx36, was localized along blood vessels. Overlay of double-labeled images
revealed a high degree of Cx36 co-localization with ZO-1 in the BMA (Fig. 5E3), as well as
in the cortical amygdala and surrounding regions, which contained much lower levels of Cx36
(not shown). Analysis by confocal microscopy revealed Cx36-positive (Fig. 5F1) and ZO-1-
positive (Fig. 5F2) puncta arrayed in either random or linear patterns and, as in RTN, overlay
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images indicated that nearly all labeling for Cx36 was co-localized with ZO-1, whereas only
a small proportion of the more abundant ZO-1 labeling overlapped with Cx36 (Fig. 5F3). In
the RTN and amygdala, as well as other brain regions of WT and Cx36 KO mice, results
obtained using combinations of polyclonal anti-Cx36 and monoclonal anti-ZO-1 antibodies
(data shown) were similar to those obtained with combinations of monoclonal anti-Cx36 and
polyclonal anti-ZO-1 antibodies (not shown).

FRIL DEMONSTRATION OF SEPARATE DISTRIBUTION OF TWO DISSIMILAR PROTEINS,
Cx32 AND ZO-1, IN RAT LIVER GAP JUNCTIONS

To test the efficacy of antibodies to ZO-1 for use in FRIL, as well as to confirm the relative
proximity of Cx32 and ZO-1 in rat hepatocyte junctional complexes (Fujimoto, 1995), freeze-
fracture replicas of rat liver were double-labeled with polyclonal antibody to ZO-1 and
monoclonal antibody to Cx32 (Fig. 6A). Immunogold labeling for Cx32 (12 nm gold) was
restricted to gap junctions (Fig. 6A, white arrowheads), whereas immunogold labeling for
ZO-1 (18 nm gold) was restricted to the tight junction strands (Fig. 6A, black arrowheads).
[Stereoscopic images (Fig. 6A, left pair) and reverse stereoscopic images (right pair) allow
confirmation that all of the labels were beneath the replica.] Such images initially led
investigators to assume that ZO-1 represented the primary transmembrane protein of tight
junctions [reviewed in (Gonzalez-Mariscal et al., 2000,2003)]. However, subsequent
experiments from a variety of disciplines have revealed that the transmembrane proteins of
tight junctions, at the minimum, consist of “claudins” and “occludins” (Gonzalez-Mariscal et
al., 2000,2003), whereas ZO-1 is one of several cytoplasmic accessory proteins that bind to
transmembrane proteins in the apical plasma membranes of some cells. Thus, in rat liver
junctional complexes, Cx32 and ZO-1 have separate locations.

ZO-1 IN TIGHT JUNCTIONS IN RETINAL CAPILLARIES
In adult rat retina, polyclonal antibodies to ZO-1 labeled tight junctions in capillary endothelial
cells (Fig. 6B and C). This observation established that tight junctions in rat retinal capillary
endothelial cells retain ZO-1 immunoreactivity after SDS washing, thereby potentially
allowing the use of that antibody to identify other structures in which ZO-1 immunoreactivity
was found by LM. Based on confocal and biochemical demonstrations of Cx36 interaction
with ZO-1 in neurons and some peripheral cell types that express Cx36 (Li et al., 2004a), we
turned our attention to the use of ZO-1 as a possible alternative method for using FRIL to find
and identify gap junctions in neurons.

ULTRASTRUCTURAL CO-LOCALIZATION OF Cx36 AND ZO-1 IN GAP JUNCTIONS OF
ADULT RAT RETINA

In samples of rat retina that had been double-labeled for Cx36 and ZO-1 (monoclonal and
polyclonal antibodies, respectively), immunogold beads for both Cx36 (6 nm and 12 nm) and
ZO-1 (18 nm) were co-localized within individual gap junction plaques (Fig. 7A–C) in neuronal
processes of both the outer and inner plexiform layers. Both large and small “plaque” gap
junctions in neuronal processes were consistently labeled for ZO-1 by the polyclonal antibody,
but string gap junctions were labeled less consistently. ZO-1 labeling of most plaque gap
junctions in retinal neurons is to be contrasted with the absence of ZO-1 labeling of hepatocyte
gap junctions (Fig. 6A, above). The basis for this differential labeling of gap junctions by ZO-1
antibodies in neurons vs. hepatocytes is attributed to the presence of a ZO-1 binding site in
Cx36 (see Discussion) vs. the absence of ZO-1 binding sites in Cx32. However, it should be
noted that labeling of neuronal gap junctions by ZO-1 monoclonal antibody has yet to be
detected, whereas polyclonal anti-ZO-1 antibody consistently labeled neuronal gap junctions
in retina.
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Finally, we note that many small- to medium-diameter plaque gap junctions and a few large
gap junction plaques were immunogold labeled for ZO-1 but not for Cx36. Polyclonal antibody
ZO-1 labeling of a distinct group of neuronal gap junctions in retina in the absence of labeling
for Cx36 suggested that ZO-1 binds to additional neuronal connexins other than Cx36. Those
studies to identify additional neuronal connexins are in progress (Rash, Kamasawa, Nagy, et
al., unpublished observations).

Discussion
We have used confocal microscopy and FRIL to reveal the chemical identities, structural
associations, and relative proximities of Cx35/Cx36, NR1 glutamate receptors and ZO-1
proteins in vertebrate synapses. Using FRIL, we identified several new types of neuronal gap
junctions in adult rat retina and showed that most of those contain Cx36. By FRIL double
labeling of goldfish “mixed” synapses, we confirmed Cx35 in gap junctions and glutamate
NMDA-R1 subunits in PSDs that were within 0.1 μ m of the gap junctions, or sufficiently close
for microsecond diffusion of ions and signaling molecules between the two types of structures.
Similarly, glutamate receptor PSDs were also observed near gap junctions in mixed synapses
of rat inferior olive. Using confocal microscopy, we established the abundance and overall
distribution of Cx36 in adult mouse RTN and amygdala, and showed, to the limits of resolution
of confocal microscopy, that Cx36 frequently was co-localized with ZO-1 immunofluorescent
puncta in those tissues. Finally, we used combined confocal microscopy and FRIL to
distinguish between close proximity of Cx32 in gap junctions and ZO-1 in tight junctions of
rat liver vs. co-localization of Cx36 and ZO-1 immunoreactivity within individual gap junction
plaques in retinal neurons of adult rats.

HIGH-RESOLUTION MAPPING OF PROTEIN ARRAYS INTERACTING AT “INTERMEDIATE”
DISTANCES

Auditory afferents on goldfish Mauthner cells, known as Large Myelinated Club Endings,
represent one of the largest and most easily accessible mixed synapses in the vertebrate CNS.
These synapses represent an ideal experimental model to study the properties of gap junctions
between CNS neurons, as well as to explore possible functional interactions of gap junctions
with the other major form of inter-neuronal communication—i.e., chemically-mediated
transmission (Robertson, 1963;Furshpan, 1964;Yang et al., 1990;Pereda et al., 1998;Smith &
Pereda, 2003). In this report, we provided additional evidence (Pereda et al., 2003) that Cx35,
the fish ortholog of the mammalian Cx36, is on both sides of gap junctions at these mixed
synapses. These gap junctions interact with their co-localized glutamatergic synapses by
intermediate-range cytoplasmic signaling that causes gap junction conductance to increase. It
has been proposed that NMDA glutamate receptors (of which, NR1 is an essential subunit)
acting postsynaptically via local calcium signaling (Yang et al., 1990) cause activation of
calcium/calmodulin-dependent kinase II, which is essential for enhancing gap junction
conductance (Pereda & Faber, 1996;Pereda et al., 1998). Those electrophysiological findings
are supported by additional confirmation of glutamate receptor immunolabeling at Club Ending
synapses. The PSD-mediated signaling mentioned here [see also (Pereda et al.,1998, 2003)]
may be relevant not only to Mauthner cell synapses, but potentially, to mammalian mixed
synapses (Rash et al., 1996). In support of this notion, we provided FRIL images from
mammalian CNS neurons revealing that NR1-containing E-face PSDs similar to those in
Mauthner Cell/Club Ending synapses (Tuttle et al., 1986) are located at similar close distances
from gap junction plaques in mammalian brain. Such arrangements suggest that this form of
intermediate-range modulation of gap junctions by nearby chemical synapses constitutes a
widespread property of electrical synapses where glutamatergic transmission and gap junctions
co-exist.
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Cx36 EXPRESSION IN RETICULAR THALAMIC NUCLEUS AND AMYGDALA
In the latter half of the last century, numerous now classical reports [reviewed in Nagy &
Dermietzel (2000)] provided ultrastructural and electrophysiological evidence for the
existence, if not prevalence, of gap junctions between neurons in the mammalian brain,
indicating the potential importance of electrical and mixed synapses in the CNS of higher
vertebrates. The abundance and widespread distribution of gap junctions between neurons has
now been verified by the cloning of Cx36, the first connexin identified to be expressed in
neurons (Condorelli et al., 1998;Willecke et al., 2002; see also O’Brien et al., 1998), by the
establishment of the presence of Cx36 in gap junctions between neurons in widespread regions
of brain (Rash et al., 2000,2001b), and by demonstrations of the physiological role of electrical
synapses in various brain regions (Deans et al., 2001;Hormuzdi et al., 2001). Our finding of a
particularly dense concentration of Cx36 in the RTN of 16-day-old mice, with reduced but still
striking levels in this region of adult mice, and very much lower levels in adjacent thalamic
nuclei, indicates an especially prominent contribution of electrical synapses to the organization
of neuronal circuitry in the RTN. This is consistent with reports demonstrating the presence of
electrical synapses in the RTN, and with dense Cx36 mRNA expression and Cx36 promoter-
driven β -gal expression in the RTN (Landisman et al., 2002;Condorelli et al., 2003). Although
reports of electrical coupling in the amygdala are rare, neuronal gap junctions have recently
been observed ultrastructurally in this region (Muller et al., 2002), and the basomedial
amygdala contains an abundance of Cx36 mRNA (Belluardo et al., 2000). The high levels of
Cx36-immunoreactive puncta in the basomedial amygdala (this report) suggest a high density
of neuronal gap junctions in yet another mammalian brain region.

CO-LOCALIZATION OF Cx36 WITH ZO-1 IMMUNOREACTIVITY
Most cellular structural elements (e.g., tight junctions and gap junctions, both of which have
the most deceivingly simple organization as viewed by thin-section or freeze-fracture electron
microscopy) are in fact composed of many different interlocking proteins forming
macromolecular complexes. A major aim of proteomics is to understand the composition of
these multi-protein complexes and the rules regulating their assembly and composite function.
Deciphering these rules is especially challenging where cellular structures with seemingly
identical ultrastructural appearance in different tissues (e.g., gap junctions) are in fact
constituted from extended families of proteins with tissue-specific and cell-specific expression
patterns (Rash et al., 2001b). Despite these challenges, progress has been made toward
identification of connexin interacting proteins (Nielsen et al., 2001,2002;Duffy et al., 2002).
Several connexins, including Cx31.9, Cx43, Cx45, Cx46 and Cx50 (Giepmans & Moolenaar,
1998;Laing et al., 2001;Kausalya et al., 2001;Nielsen et al., 2001,2002,2003), are localized to
gap junctions and directly interact with ZO-1, a protein that was previously thought to be a
component only of tight junctions and adherens junctions (reviewed by Gonzalez-Mariscal et
al., 2003). Although the functions of connexin/ZO-1 associations are not yet known, their co-
localization in neuronal gap junctions provides precedent to search for other ZO-1 binding
partners that serve regulatory or structural roles at gap junctions (Nielsen et al., 2003).

Our demonstration of Cx36/ZO-1 co-localization in mouse brain and rat retina extends the list
of connexins with which ZO-1 is associated and, more specifically, indicates targeting of ZO-1
to at least one class of gap junctions that is formed between neurons. Further, we have
determined that Cx36 binds directly to the first of the three PDZ domains in ZO-1 (Li et al.,
2004a,2004b). Several points in relation to these findings are noteworthy:

1. In most brain regions that we have examined by confocal microscopy, nearly all Cx36
puncta were co-localized with ZO-1. However, by FRIL, some large neuronal plaque
gap junctions in retina did not show ZO-1 immunogold labeling, whereas many small
gap junctions had strong ZO-1 immunoreactivity but no reactivity for Cx36. Thus, in
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retina, ZO-1-positive neuronal gap junctions that apparently are devoid of Cx36 imply
the existence of at least one additional neuronal connexin, and that at least one of
those additional connexins binds ZO-1.

2. Only a small proportion of overall punctate labeling for ZO-1 was associated with
Cx36, indicating that ZO-1 is associated with other structures, including blood vessels
[see Vorbrodt & Dobrogowski (2003)] and adherens junctions [as observed in
peripheral tissues (Gonzalez-Mariscal et al., 2000)]. LM immunolabeling for ZO-1
that we observed in brain was far more extensive than that described in most previous
studies of this protein, and their widespread distribution was confirmed by FRIL at
tight junctions of blood vessels. It thus bears emphasis that relatively weak tissue
fixation conditions (see Methods) were required to visualize the more extensive
distribution of ZO-1 in the CNS.

3. Although neuronal expression of ZO-1 has been described only rarely (Miragall et
al., 1994;Inagaki et al., 2003), widespread neuronal expression of Cx36 and
substantial Cx36 co-localization with ZO-1 in brain that we observed indicates
widespread expression of ZO-1 in subpopulations of neurons that form gap junctions.
Thus, ZO-1 may serve an important role in directing connexins and other related
proteins to the same target areas of the plasma membrane in specific subpopulations
of neurons.

4. A potential discrepancy noted by FRIL but not by LM was that monoclonal antibody
to ZO-1 did not label neuronal gap junctions in retina. The basis for this difference in
labeling by monoclonal vs. polyclonal antibodies to ZO-1 may be due to a technical
limitation, masking of epitopes that would be detected by the monoclonal antibody,
or to an unidentified cross-reactivity of the polyclonal antibody to some other protein
localized at neuronal gap junctions.

APPLICATIONS OF FRIL
The high visibility of immunogold beads in FRIL facilitates detection and identification of
both rare and common structures, including small or difficult-to-recognize structures. For
example, “string” and “ribbon” gap junctions are abundant and easily detected by FRIL, but
there are few published examples of “string” gap junctions, and those were of single IMP
strands in freeze fracture replicas of retina (Raviola & Gilula, 1975;Gold & Dowling, 1979).
Likewise, despite their abundance in FRIL images, there are no previously published examples
of “ribbon” gap junctions.

A second advantage is that FRIL allows recognition of many different classes of intramembrane
proteins and protein arrays. Thus, when an easily identified morphological class of protein
arrays is consistently labeled in a particular cell type, to the exclusion of all other morphological
classes of particle arrays in the same cell type, substantial confidence develops regarding the
assignment of immunolabeled proteins to that specific ultra-structural feature.

In contrast, FRIL has yet to be of value for identifying individual IMPs interspersed among
other IMPs in complex membranes. For this task, it would be useful to visualize the antibody
bridges linking immunogold beads to individual IMPs. Indeed, osmium/ferricyanide mixtures
have been used to delineate antibody molecules by conventional thin section TEM (Rash et
al., 1978), but those differential staining methods have yet to be applied to FRIL. Alternatively,
avidin-coated gold beads may permit higher-resolution labeling based on direct avidin-gold
binding to biotinylated membrane proteins, thereby reducing the 15–20 nm “radius of
uncertainty” that occurs when using double-antibody “sandwich” immunolabeling methods,
as used here.
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Despite its short history, FRIL in combination with confocal microscopy has become a valuable
tool of proteomics. By combining high-resolution imaging, wide-area mapping, structural
discrimination between a wide variety of membrane proteins, and immunogold identification
and simultaneous mapping of multiple membrane proteins, the combination of confocal
microscopy and FRIL provides essential information regarding protein molecules and
molecular arrays that are in sufficiently close proximity to participate in short-range vs.
intermediate-range biochemical and biophysical interactions.
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Fig 1.
Confocal images of Mauthner cells labeled for Cx35 and glutamate receptor NR1, with
companion FRIL immunogold labeling of gap junctions in goldfish Mauthner cells. (A)
Confocal immunofluorescence image (three Z sections of 2 μ m) showing Cx35 (MAB 3045)
at a Club Ending on distal portion of a Mauthner Cell lateral dendrite. These terminals,
identified by their large size, exhibit multiple sites of punctate labeling for Cx35. (B and C)
Cx35 (Ab298) labeling of conventional “plaque” gap junctions (red overlay) in MC/CE
synapses. Both images are from the same goldfish MC/CE synapse, showing primarily
postsynaptic P-face (B) and presynaptic E-face (C). In both images, all labeling is on
postsynaptic connexins. (D) Laser scanning immunofluorescence image (three Z sections of 2
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μ m) of a Club Ending on a Mauthner-cell lateral dendrite after labeling with anti-NR1 antibody.
(E–H) Simultaneous co-localization of Cx35 at gap junctions and NR1 glutamate receptors in
E-face particles arrays (yellow overlay) in goldfish Mauthner cell. (E) E-face view of the
postsynaptic membrane of goldfish Mauthner cell. E-face image of gap junction in postsynaptic
membrane, but with unfractured and unreplicated presynaptic plasma membrane beneath. It is
these unreplicated presynaptic connexins that are labeled (18 nm gold). In contrast, the two
arrays of E-face IMPs represent glutamate receptor clusters, which are immunogold labeled
for NR1 (12 nm gold beads in the extracellular space; see Fig. 2B–E for explanatory diagram).
Inscribed areas are shown at higher magnification (F–H). (F) Stereoscopic (left pair) and
reverse stereoscopic images (right pair) of a neuronal gap junction labeled for Cx35. (G and
H) Portions of two PSDs after immunogold labeling for glutamate receptor NR1 by two gold
beads (G) and one gold bead (H). The gap junction and the PSD on the right are separated by
~50 nm, or less than the limit of resolution of light microscopy. For confocal images A and D,
calibration bars = 5 μ m. In all FRIL replicas, calibration bars = 0.1 μ m, unless otherwise
designated.
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Fig 2.
Immunogold labeling of glutamate receptor PSDs and nearby gap junctions. (A) Portions of
three Cx35-immunogold-labeled gap junctions (red overlays) surrounding a P-face imprint of
a PSD (yellow overlay), corresponding to the arrays of IMPs on E-faces (see Fig. 1G and H).
The PSD P-face pits are devoid of NR-1 labeling. (B–E) Drawing of fracture plane through
two Club Ending synapses on a Mauthner cell. (B and C) From left to right, the fracture plane
(blue line) sequentially fractures within the postsynaptic plasma membrane, through a
glutamate receptor PSD (lavender) and through a postsynaptic gap junction (left side of image),
across the Mauthner cell cytoplasm (center of image), then to within the Mauthner cell plasma
membrane (right side), exposing the postsynaptic membrane E-face particles corresponding to
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glutamate receptors, then the gap junction E-face pits (postsynaptic membrane) and, finally,
gap junction P-face particles (presynaptic membrane of lower club ending). (B and C) PSD
P-face pits are not labeled because no glutamate receptor proteins remain with the P-face pits
(left side). However, P-face connexon IMPs (orange connexons, left side) in the adjacent gap
junction are labeled. Glutamate receptor E-face particles are labeled on their extracellular
determinants (right side), whereas connexons of presynaptic gap junctions are labeled on their
cytoplasmic epitopes (D and E). In the gap junction on the right (2C, box) and in closer view
(D), postsynaptic E-face pits and presynaptic P-face particles are replicated, but in both cases,
it is the presynaptic connexons (yellow connexons) of the underlying Club Ending that are
labeled. (E) Diagram showing immunogold labeling of epitope in the cytoplasmic carboxy
terminus of a single connexin molecule by Ab298 (Pereda et al., 2003). (F) Stereoscopic and
reverse stereoscopic image of portion of mixed synapse in adult rat inferior olive labeled for
Cx36 (20 nm gold; red overlay) and NR1 glutamate receptors (10 nm gold, arrow; yellow
overlay). Reverse stereoscopy (right pair) is helpful for discerning the 10 nm gold bead
superimposed on the equally electron-dense platinum replica, as well as for discriminating
between the two layers of replica that arose when a portion of replica was displaced (darker
area at top).
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Fig 3.
FRIL images of “plaque”, “string’’ and “ribbon” gap junctions (red overlays) in inner and outer
plexiform layers of adult rat retina after immunogold labeling for Cx36. (Criteria for identifying
gap junctions are at the end of Materials and Methods.) (A) Two small, regular plaque gap
junctions labeled for Cx36 (18 nm gold beads). (B) Two single-strand “string’’ gap junctions’’,
with both P-face particles and E-face pits occurring primarily as single rows of particles or
pits. Immunogold beads are associated with most of the connexon strands. (C) Immunogold-
labeled multi-strand “ribbon’’ gap junction. Each “ribbon’’ is 2–6 IMPs (or pits) wide, with
up to 500 connexons per compound ribbon gap junction. (D) One plaque-type gap junction
consisting of ~12 pits (upper left) and labeled by four 12 nm immunogold beads, as well as
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one simple, single-strand ribbon gap junction (lower right) labeled by three 12 nm gold beads.
Due to their small diameter, neither of these two gap junctions would be reliably resolved in
a conventional thin section TEM image.
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Fig 4.
Expression of Cx36 in the reticular thalamic nucleus (RTN) and co-localization with ZO-1 in
16-day-old mouse brains. (A) Low magnification double immunofluorescence showing
punctate labeling of Cx36 (A1) and, in the same field, more widely distributed punctate labeling
of ZO-1 (A2) in the RTN (outlined by dashed line) of a wildtype (WT) mouse, with substantial
Cx36/ZO-1 co-localization shown by yellow in overlay of images (A3). (B) Low magnification
double immunofluorescence images of a Cx36 knockout (KO) mouse. A field corresponding
to that in A shows an absence of specific labeling for Cx36 (B1) and no discernible loss of
specific labeling for ZO-1 (B2). Overlay (B3) shows reduced yellow in the RTN (outlined by
dashed line). Residual green and red fluorescence in thalamic areas of Cx36 KO mice represents
non-specific attachment of primary and secondary antibodies. Bright, threadlike labeling for
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ZO-1 is associated with blood vessels. (C) Laser scanning confocal double
immunofluorescence showing magnification of Cx36 (C1) and ZO-1 (C2) co-localization
(yellow in overlay images, (C3) in a field of RTN in a WT mouse. Scale bars: A and B, 100
μ m; C, 10 μ m.
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Fig 5.
Expression of Cx36 in the amygdala and Cx36 co-localization with ZO-1 in adult mouse brains.
(A) Fluorescence Nissl-stained section showing the basomedial (BMA) and basolateral (BLA)
nuclei of the amygdala (dashed lines). (B–D) Immunofluorescence labeling of Cx36 showing
a dense concentration of Cx36-positive puncta in the BMA (B) of wildtype (WT) mouse, much
sparser distribution of Cx36-positive puncta in the BLA of WT mouse (C), and an absence of
punctate labeling for Cx36 in the BMA of a Cx36 knockout (KO) mouse (D). (E, F) Low
magnification (E) and higher magnification confocal (F) double immunofluorescence showing
labeling of Cx36 (E1, F1) and, in the same fields, labeling of ZO-1 (E2, F2, respectively) in
the BMA of WT mouse, with Cx36/ZO-1 co-localization seen as yellow in overlay of images
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(E3, F3). Punctate labeling for ZO-1 is much denser than that for Cx36, and some intense ZO-1
labeling is seen in association with blood vessels (E2). Scale bars: A, 200 μ m; B–D, 100 μ m;
C, 10 μ m.
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Fig 6.
Simultaneous labeling of Cx32 in gap junctions and ZO-1 in tight junctions of rat liver, and
comparison with ZO-1 labeling in tight junctions of capillary in adult rat retina. (A)
Stereoscopic imaging (left pair) and reverse stereoscopic imaging (right pair) reveals that Cx32
labeling (12 nm gold) is directly associated with gap junctions (white arrowheads), whereas
labeling for ZO-1 (18 nm beads) is associated exclusively with tight junctions strands (black
arrowheads). (B) Portions of five capillary endothelial cells linked by tight junctions (arrow),
each immunogold labeled for ZO-1 (12 nm gold beads). Asterisk (*) denotes capillary lumen.
(C) Stereoscopic and reverse stereoscopic images of tight junctions (arrows), with ZO-1
labeling beneath the replica.
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Fig 7.
(A–C) Simultaneous co-localization of Cx36 (6 nm gold beads [arrows] and 12 nm gold beads)
and ZO-1 (18 nm gold beads) in “plaque” gap junctions linking unidentified neurons in adult
rat retina. (C) Reverse stereoscopy facilitates detection of the smallest gold beads (Fig. 7B,
right pair of images), as well as the “sidedness” of the labels. (C) Neuronal gap junction with
seven 18 nm gold beads (ZO-1) and four 12 nm gold beads (Cx36).
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Table 1
Information ranges of common imaging techniques in anatomy, physiology, and biochemistry.

Terms
Physiology and biochemistry Anatomy Functional significance

Short-range molecular interaction Co-localization Molecules in direct contact; diffusion in nanoseconds
Intermediate-range interaction Close proximity/co-association Subcellular; diffusion distances < 0.3 μ m; diffusion in

microseconds to < 1 millisecond
Long-range interactions Histological proximity Diffusion in milliseconds to minutes; cellular level to

histological level; transport may involve circulatory system

FRET (fluorescence resonance energy transfer) identifies molecules that are in molecular contact or that are separated by < 10 nm (i.e., “short-range
interactions’’). Spatial localization in X- and Y-coordinates is limited to > 300 nm by optical diffraction phenomena. Laser scanning confocal microscopy
provides biochemical, immunocytochemical, and structural data in the X- and Y-axes from 300 nm to 30 millimeters, and from 0.6 μ m to ~600 μ m in
the Z-axis. FRIL provides structural and immunocytochemical data from about 2 nm to 2 mm (six orders of magnitude). PET scans (positron emission

tomography) have about 1 mm resolution and collect data over ~0.5 m2. Thus, FRIL spans the gap from FRET to PET scans.
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Table 2
Primary antibodies used in this study, the generating species, protein target, target amino acid sequence (if
available) and species reactivities, and private vs. commercial sources.

Primary
Antibody

Type Target Specificity Source

Ab298 rabbit poly Cx35/Cx36 C-terminus aa298-318 Human (fish, rodent) JI Nagy
MAB3045 mouse mono Cx35/Cx36 intracellular loop; seq. NA Fish (monkey/

mouse)
Chemicon

Ab36-4600 rabbit poly Cx36 C-terminus; seq. NA Mouse Zymed
Ab51-6300 rabbit poly Cx36 C-terminus; seq. NA Mouse Zymed
Ab37-4600 mouse mono Cx36 C-terminus; seq. NA Mouse Zymed
AptNR1 rabbit poly NR1 subunit extraplasmic loop aa844-901, Fish R. Dunn
Ab55-6308 mouse mono NR1 subunit extraplasmic loop Human (rodent) B-D Biosciences/

PharMingen
Ab33-9100 mouse mono ZO-1 aa334-6341 Zymed
Ab61-7300 rabbit poly ZO-1 aa463-11092 Zymed
MAB3069 mouse mono Cx32 cytoplasmic loop aa95-125 Chemicon

Monoclonal antibodies to connexins are made against target sequences of about 11–17 amino acids, whereas monoclonal antibodies to ZO-11 were made

against a target sequence of 300 amino acids (Zymed Product Information Sheet), and rabbit polyclonal antibody to ZO-12 was made against a cytoplasmic
sequence of > 600 amino acids (Zymed Product Information Sheet), possibly yielding additional epitope specificities, not all of which have been completely
characterized (Li et al., 2004b). NA, Not available; seq., sequence; mono, monoclonal; poly, polyclonal.
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