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Electrophysiological and ultrastructural studies have demonstrated that gap junctions
connect diverse types of neurons in the central nervous system, permitting direct electrical
and metabolic coupling. A member of gap junction channel subunit connexin36 (Cx36),
is probed for the location of cell-to-cell communication in the mammalian retina, where
gap junction networks of major classes of neurons are present. We present an analysis
of the expression and localization of Cx36 protein in adult Wistar rat retina, using a
newly generated polyclonal antibody against a sequence in the predicted cytoplasmic
loop of the Cx36 amino acid alignment, deduced from the cDNA sequence. The affinity-
purified antibody, recognizing a single 36-kDa protein, consistently labeled discrete puncta
of subcellular structures likely to be associated with gap junctions in the inner plexiform
layer, and also cytoplasm within somata and dendrites of retinal amacrine and ganglion
cells, following examination with various fixation protocols and double labeling immuno-
fluorescence. These results provide that prominent cell-to-cell communication appears in
mature excitatory neurons such as retinal ganglion cells, in addition to inhibitory amacrine
cells, mediated by gap junctions in the adult retina.

Keywords : Connexin; gap junction; electrical synapse; excitatory neuron; retinal ganglion
cell; inhibitory amacrine cell; cell-to-cell communication; anti-connexin36 antibody;
immunolabeling; rat retina.

1. Introduction

Structurally, gap junctions are aggregates of intercellular membrane channels located

in closely apposed plasma membranes of contacting cells. Individual intercellular

channels are formed by the docking of two hemichannels called connexons, which

are hexameric structures composed of subunit proteins termed connexins (Cxs). The

intercellular channels provide aqueous pores between the cells, which subserve direct

cell-to-cell communication for the exchange of ions and small molecules resulting in

metabolic and electrical coupling of the cells [3]. The connexins represent a family of

3
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proteins composed of a variety of member: at least 16 members are known to exist

in mammalian tissue [4, 15, 61].

In the brain, electrotonic synapses between neurons has been proposed to

facilitate synchronous oscillatory activities (for review see [13]), and cell-to-cell

communication during brain development has been suggested in cell migration,

neuronal differentiation and coordinated neuronal activity in formation of synaptic

circuits [28, 29, 43, 65]. Examination with dye/tracer injection, electron microscopy

and electrophysiology revealed that gap junctions occur in all five major classes

of the vertebrate retinal neurons (for review see [6, 37, 45, 58]. In the proximal

retina, prominent stereotyped patterns of dye-/tracer-coupled networks between

amacrine and ganglion cells are present in homotypical and/or heterotypical

manner [7, 20, 22, 25, 44, 57, 63], and anatomically identifiable gap junctions in

retinal ganglion cells were found in the rat [21], cat [11, 31] and primate retinas [25].

Electrical coupling is responsible for extending receptive field size of homotypic

amacrine cells [20, 22], synchronous firing in retinal ganglion cells [33, 34, 39],

and neuronal adaptation in the proximal retina [35]. Mammalian glycinergic AII

amacrine cells are well-known to make homotypic gap junctions with the surround-

ing amacrine cells, as well as heterotypic junctions with axon terminals of cone

bipolar cells [52, 57]. The AII cells represents the major output of rod bipolar

cells and these homotypic AII cells junctions and heterotypic amacrine bipolar

junctions are proposed for conveying visual signals through the rod or cone pathway

under different light condition [35]. Except for the inhibitory retinal interneuron,

however, the functional identity of electrical synapses formed by gap junctions in

the mammalian proximal retina remains unresolved. This is possible because intra-

cellular dye injection cannot reveal the presence of actual intercellular communi-

cation in certain physiological conditions [37] and ultrathin-sectioning analysis by

electron microscopy is difficult to observe the localization of small gap junction

plaques [46].

In the central nervous system, a number of different connexins are expressed,

some of which could be localized in neurons with molecular biological and immuno-

cytochemical techniques, using probes and antibodies directed against connexins

that had been previously found in gap junctions among non-neuronal tissue:

e.g. Cx26, Cx32, Cx37, Cx40, Cx43, Cx45 and Cx50 [3, 4, 9, 16]. Among seven

members of the connexin family, Cx36 and its homolog Cx35 and Cx34.7 in fish have

recently emerged as prime candidates for specific neuronal connexins [1, 5, 40, 41, 49].

In situ hybridization technique has showed high levels of Cx36 mRNA in proximal

retinal cells and in several brain neurons [5, 42, 51]. Immunocytochemical localiza-

tion of Cx36 protein in the retina and in several brain regions, by using antisera

with other epitopes generated against different sequences in Cx36 and alterna-

tive immunocytochemical method, has been reported [2, 16, 46, 54]. Cx36 protein

was exclusively localized as punctate immunolabeling in the retinal AII amacrine

cells [10, 17, 36], and Cx36 intercellular channels were proposed to be functional
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only in electrical synapses of GABAergic interneurons in the neocortex and

hippocampus [8, 24]. However, it remains unclear whether excitatory neurons such

as retinal ganglion cells express connexin proteins. Direct evidence of the occurrence

of gap junctions in retinal ganglion cells would be obtained from studies of cellular

expression of a molecular candidate, Cx36 protein. In the present study we have

addressed to this possibility with an originally raised specific antibody against an

amino-acid sequence in Cx36 of Wistar rat retina and immunocytochemical study

with various fixation protocols.

It has not been reported that an anti-Cx36 antiserum consistently stains both

subcellular punctate structures and intracellular proteins. We here describe relevant

characteristics of the cellular localization of Cx36 protein in the adult rat retina. We

have first examined the localization in comparison of immunocytochemical results

with various fixation protocols, using newly raised polyclonal antisera against Cx36.

Secondly, double labeling immunofluorescence shows that Cx36 immunoreactivity

is localized in intracellularly identified α-like retinal ganglion cells as well as

parvalbumin-immunopositive AII amacrine cells. Our results differ from those of

previous studies in that our anti-Cx36 antibody immunolabeling provides conclusive

evidence for the localization of gap junctions in mature retinal ganglion cells, in

addition to inhibitory amacrine cells, of adult animals. Some of these results have

appeared in an abstract form [23].

2. Materials and Methods

Experiments were carried out with 19 adult Wistar rats (7 weeks to 6 months old)

weighing 120–350 g and 13 developing [prenatal to postnatal days (P) 0–21] animals.

Animal use was in accordance with the legislation by the Physiological Society of

Japan regulating the use of animals in research, and the recommendations of the

NIH Guide for the Care and Use of Laboratory Animals (USA National Institutes of

Health Publication No. 85–23, Revised 1985). Animals were commercially supplied

from a breeder (Japan SLC, Inc., Hamamatsu. Shizuoka, Japan). Animals were

maintained with the light phase from 7:00 a.m. to 7:00 p.m. in an animal room

under control of temperature at 23◦C until use. Animals were deeply anaesthetized

with an intraperitoneal injection of 5% sodium pentobarbital (0.2 ml injection/100 g

weight) or 50% urethane (0.5 ml injection/100 g weight) before operation for removal

of eyeballs from animal bodies. The eyeballs were enucleated, hemisected, and retinas

were gently isolated from the eyecups.

2.1. RT-PCR analysis and cloning of rat retinal Cx36 cDNA

The isolated neural retinas of adult male Wistar rats were immediately freezed

with liquid nitrogen. Total RNA from homogenation of the freezed retinas was

isolated with the RNeasy Mini kit (Qiagen, Hilden, Germany). Reverse tran-

scription from Poly(A)+ RNA to cDNA and amplification of cDNA by PCR
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were performed with the Ready-To-Go RT-PCR Beads kit according to the

manufacturer’s protocol (Amersham Pharmacia Biotech, Buckinghamshire, Eng-

land). The transcribed cDNA was amplified by PCR using the following primers

that derived from the Cx36 sequence in the retina and brain of mouse and Sprague-

Dawley rat [5, 49]: forward primer 5’-CACAGCGATGGGGGAATGGA-3’ and re-

verse primer 5’-TGCCCTTTCACACATAGGCG-3’. PCR was carried out for 32 cy-

cles using a GeneAmp 9700 PCR Thermocycler (Parkin Elmer, Foster City, CA,

USA) with the following program: denaturing at 94◦C for 30 sec, annealing at 55◦C
for 30 sec, elongation at 72◦C for 1 min. After gel electrophoresis in an 1% agarose

gel, an 980-bp fragment was excised, purified by the gel extraction method of Mil-

lipore (Molsheim, France), cloned into the pGEM-T Easy Vector (Promega, Madi-

son, WI, USA) and sequenced with vector-specific and sequence-specific primers in

a CEQ 2000 Multi-capillary DNA Analysis System (Beckman, Fullerton, CA, USA).

The complete sequence was obtained on both strands.

For analysis of Cx36 mRNA transcript in developing rat retinas, the isolation

of total RNA and RT-PCR assays were performed with similar protocol described

above using the Cx36 primers. Extracted RNA was treated with DNase I (Boehringer

Hannheim, Indianapolis, IN, USA) to eliminate contamination with residual genomic

DNA. RT-PCR reactions contained 1–3 µg/l of RNA, and 50 µg of sense and anti-

sense primers, mixed with the beads of the RT-PCR kit in a final volume of 50 µl.

The Cx36 primers produce the 980-bp fragment in PCR. Reaction products were

analyzed by electrophoresis on agarose gels.

2.2. Preparation of anti-Cx36 antibody

Antisera against a synthetic peptide corresponding to predicted intracellular

cytoplasmic loop of rat retinal Cx36 protein (see Results) were raised in rabbits.

The putative transmembrane domains were predicted by hydropathy analysis based

on DNASIS (Hitachi Software Engineering, Ibaragi, Japan). The structure of the

connexin was predicted by an algorithm of GCG software (Genetics Computer

Group, Madison, WI, USA) to search for epitope candidates. The antigen peptide

(22 residues spanning Glu 173–Gly 194 of the Cx36), conjugated to keyhole limpet

hemocyanin (KLH), was commercially synthesized, injected into rabbits and sub-

sequent bleeds were performed at Medical Biological Laboratory (MBL, Nagoya,

Aichi, Japan). The crude antisera were subjected to an affinity chromatography on

a Sepharose 4B column (Millipore) coupled with the synthetic peptide. The affinity-

purified monospecific antibody was dissolved in 0.01 M phosphate buffer (pH 8.0)

containing 0.3 M NaCl, and 0.1% NaN3.

2.3. Immunoblotting

Two isolated retinas were homogenized in each 250 µl of ice-cold either homogeniza-

tion buffer, 50 mM Tris-HCl (pH 7.5) or 1 mM NaHCO3 (pH 8.0), containing
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protease inhibitors [5 mM EDTA, 1 µg/ml leupeptin, 1 µg/ml pepstain A and

1 mM phenylmethylsulfonyl fluoride (Sigma, St. Louis, MO, USA)]. The protein

concentration of the samples was determined by the Lowry method using bovine

serum albumin (BSA, Sigma) as a standard. Aliquots (5–50 µg of protein) of

tissue homogenates were prepared for sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) by mixing equal volume of SDS-sample buffer

(20% glycerol, 4% SDS, 1.2% β-mercaptoethanol and 0.1 M Tris-HCl, pH 6.8)

and incubated at room temperature for 60 minutes. The samples were then

electrophoresed on 10% running gel. The proteins were electrotransferred onto

polyvinylidene fluoride (PVDF) membranes (Millipore), followed by blocking

at 4◦C overnight with Tris-buffered saline (TBS: 10 mM Tris-HCl, pH 7.5;

150 mM NaCl; 0.05% Tween-20) containing 1% BSA (Sigma). The membrane was

incubated with anti-Cx36 antibody (diluted 1:1,000 in TBS) at room temperature

for 90 minutes, washed four times (4 minutes each) in TBS, and incubated

with horseradish peroxidase-conjugated anti-rabbit IgG (MBL; diluted 1:2,000)

and streptavidin-conjugated serum (Bio-Rad Laboratories, Hercules, CA, USA;

diluted 1:1,000) in TBS at room temperature for 60 minutes. After washing

with TBS, immunoreactivity of proteins on the blotted membrane was detected

by the enhanced chemiluminescence method (ECL-system; Amersham Buchler,

Braunschweig, Germany). In a separate experiment, proteins on a PVDF membrane

were stained with Coomassie brilliant blue (Sigma).

2.4. Immunocytochemical detection

Of 19 adult Wistar rats used for the present study, 13 female animals (120–200 gm,

7–20 weeks old) were used for immunocytochemical studies under deep anesthesia

with pentobarbital. Five different fixation protocols, using three variants of

aldehyde-based fixative, cooled ethanol- or acetone-fixation, and rapid freezing

without any chemical fixation, were utilized in examination of Cx36 localization in

retinal tissue. For paraformaldehyde-based fixation, animals were perfused quickly

through the ascending aorta either with fixative A containing 4% paraformaldehyde

in 0.1 M phosphate buffer, fixative B containing 4% paraformaldehyde and 0.2%

picric acid in the same buffer, pH 7.4, or periodate-lysine-paraformaldehyde (PLP)

fixative containing 10 mM sodium-m-periodate and 4% paraformaldehyde in 75 mM

lysine-HCl and 50 mM phosphate, pH 7.4, at room temperature. Posterial pole of

the enucleated eyeballs involving neural retinas was flattened for retinal preparation.

Isolated retina and brain tissue were post-fixed for 5 to 20 min at 4◦C in the same

fixative used for perfusion. Fixed tissue was washed in 0.1 M phosphate buffer saline

(PBS), pH 7.4, and immersed in PBS containing 20% sucrose overnight at 4◦C for

cryoprotection. For aldehyde-free protocols, retinas and brain tissue were rapidly

frozen in liquid nitrogen without processing for aldehyde-based fixation. The tissue

was embedded in O.C.T. compound (Miles, Elkhart, IN, USA), sectioned (10–20 µm)

on a cryostat (Leica, Nussloch, Germany) at −20◦C, and mounted on zelatin-coated
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slides. Cryosections were dried at −20◦C or −80◦C. Some sections from tissue by

rapid freezing were exposed for 3 to 10 min to absolute ethanol or acetone cooled

at −20◦C. The cryosections were washed several times with PBS, and incubated in

a blocking solution of 3% normal goat serum for 2 hours at room temperature, to

block nonspecific binding. The sections were then incubated with the primary anti-

body (diluted 1: 250 with PBS) for 2 days at 4◦C. Control sections were incubated in

rabbit preimmune serum. After three 15 minutes washes in PBS at 4◦C, the sections

were incubated in goat anti-rabbit IgG (H + L), conjugated with Alexa Fluor 546

(absorption 556 nm/max emission 573 nm, Molecular Probes, Eugene, OR, USA),

diluted 1:1000 to 2000 with PBS, for 1 days at 4◦C. After washing, the Cx36-labeled

sections were examined under an epifluorescence microscope with a green excitation

(Nikon, Tokyo, Japan) for the Alexa Fluor 546 fluorescent labeling. Images were

also taken on a confocal laser scanning microscope (Carl Zeiss LSM410, Germany),

using the 543 nm line of a helium-neon laser under the 590 nm long pass filter.

For double labeling immunofluorescence, the sections were incubated with

monoclonal anti-parvalbumin sera (Chemicon, Temecula, CA, USA), diluted 1:1000

with PBS, following the incubation with anti-Cx36 antibody and anti-rabbit IgG

conjugated with Alexa Fluor 546. Then, the specimens were incubated in goat anti-

mouse IgG (H+L), conjugated with Alexa Fluor 488 (absorption 495 nm/max emis-

sion 519 nm, Molecular Probes), diluted 1:2000 with PBS. For examination of Cx36

colocalization in retinal ganglion cells, the cells in the rat retinas were intracellularly

injected via glass micropipettes with 3% Lucifer Yellow (Aldrich, Milwaukee, WI,

USA), dissolved in 0.5 M LiCl and 0.05 M Tris buffer, pH 7.5 [20]. The retinas were

fixed in fixative A and then incubated with anti-Cx36 antibody and anti-rabbit IgG

conjugated with Alexa Fluor 546. Images were taken on Carl Zeiss LSM410, using

the overlay function with a combination of the 543 nm helium-neon laser under the

590 nm long pass filter for observation of Cx36 localization, and the 488 nm line of

an argon laser under the band pass filter of 510–525 nm for parvalbumin localization

or the band pass filter of 515–565 nm for Lucifer Yellow labeling.

3. Results

3.1. Rat retinal cDNA sequence

Total RNA was extracted from isolated neural retinas of adult Wistar rats, retrotran-

scribed in cDNA and amplified by PCR using degenerated primers derived from rat

brain Cx36 [49]. By agarose electrophoretic separation of amplification products, we

identified a band of 1000-bp, which corresponds to the expected sizes of Cx36. The

corresponding cDNA fragment was cloned and sequenced on both strands (Fig. 1).

The resulting 980-bp sequence shows this to be the same as the Cx36 cloned from

rat brain [49], except for a nucleotide substitution in which adenine at position

169 from the ATG is replaced by guanine, which introduces the amino acid sub-

stitution of Thr(57)Ala (squared in Fig. 1A). The nucleotide sequence encodes a



July 9, 2002 18:12 WSPC/179-JIN 00002

Connexin36 in Gap Junctions of Retinal Ganglion Cells 9

protein of 321 amino acids with a predicted molecular mass of 36 020 Daltons. The

putative transmembrane domains, the cytoplasmic and the extracellular loops of the

rat Cx36 protein were predicted by hydropathy analysis (Fig. 1B). The replacement

by Ala 57 is present in the presumed first extracellular loop for docking of connexin

hemichannels (squared in Fig. 1A). Cx36 transcript was examined with RT-PCR

analysis of total RNA with the connexin-specific primers in retinas of adult and de-

veloping animals. RT-PCR yielded abundant amplicons corresponding to the length

of the 980-bp from retinas at different postnatal stages of development (not shown).

Cx36 was expressed at postnatal day zero (P0), but not detected at prenatal days

twenty-one (E21). Cx36 expression increased to reach adult level at about P10.

3.2. Detection of Cx36 protein by immunoblotting

To investigate Cx36 channel protein and its cellular localization in rat retina and

brain, we raised a polyclonal antibody against a synthetic peptide corresponding to

the predicted intracellular loop between transmembrane domains II and III of the rat

Cx36 protein, since this region contains amino acid sequences that distinguish it from

other connexins [3, 4, 15]. We used a peptide of ELAPHPSGLRTAARSKLRRQEG

corresponding to the residues (Glu 173–Gly 194) in the cytoplasmic loop of the

membrane protein (dashed lines in Fig. 1A–B), since the amino acid alignment

showed a high antigen index and a high score for the epitope candidate when

analyzed by GCG software.

Affinity purified antibody recognizes a single protein with an apparent molecular

mass of 36 kDa, which corresponds to the predicted molecular mass of the Cx36

protein (Fig. 2). Western blot analysis demonstrated that a discrete 36-kDa band

was labeled in lysates from adult retinal tissue (lane 6) and olfactory bulb (not

shown), whereas no labeling was present in heart (lane 7) and liver (not shown).

The expression of Cx36 protein was also examined in retinas of developing animals.

When obtained in the experimental condition similar to that of adult samples, the

immunoblotting yielded abundant expression in retinas at different postnatal stages

of development (Fig. 2). Cx36 protein was already expressed at P0 (lane 1), and

Cx36 expression increased to reach adult level at P7 (lane 3). These results indicate

that a high level of expression of Cx36 protein is maintained throughout adulthood

following postnatal development.

3.3. Localization of Cx36 in rat retina

Immunocytochemical labeling of cryosections from adult rat retinas, using the anti-

Cx36 antibody, demonstrated discrete punctate immunosignals of subcellular struc-

tures likely to be associated with gap junctions, and intracellular immunoreactivity

of somata and dendrites (Fig. 3). Control cryosections in which the primary antibody

was replaced by rabbit preimmune serum showed no immunolabeling in the retina,

although autofluorescence of the inner and outer segments of photoreceptor cells
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Fig. 1. The nucleotide and deduced amino acid sequences of Wistar rat retinal connexin36 (A),
and Kyte–Doolittle hydropathy analysis of the amino acid alignments (B). The nucleotide sequence
was obtained on both strands for the entire coding region. In the Wistar rat connexin36 cDNA
sequence, guanine at position 169 (square in A) from the ATG was replaced by adenine in the
Sprague-Dawley rat sequence [49]. Accordingly the amino acid at position 57 is alanine (square in A).
Evaluated according to the accepted connexin topology [3, 4, 15] and the hydropathy plot, the four
predicted transmembrane domains (TM 1–4) are underlined in the polypeptide sequence (A). Two
extracellular loops are predicted to lie between TM1 and TM2, and between TM3 and TM4. Each
of the two predicted extracellular loops contains three conserved cysteine residues (circles in A).
The predicted intracellular loop is localized between TM2 and TM3. The nucleotide sequence is
available from Gen-Bank/EMBL under accession no. AJ296282. The amino acid sequence (A) and
the region (B) for a synthetic peptide used for raising the anti-Cx36 antisera are indicated by dotted
lines.
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was present (Fig. 3A). Among retinas examined by our applied fixation protocols,

the most brilliant punctate signals were detected in the sections treated with cooled

acetone following rapid freezing (Fig. 3B). Retinas fixed with paraformaldehyde-

based fixative (fixative A, B or PLP) during total fixation period of more than

60 min did not show any punctate immunosignals, and fixative B-processed tissue

indicated faint punctate labeling (not shown). In retinas examined with acetone-

exposure for 10 min at −20◦C, fixative A or PLP during the fixation period of 10 to

30 min, immunofluorescent punctate labeling of Cx36 was clearly visible throughout

the inner plexiform layer (IPL) and the OPL (Fig. 3B–C). The Cx36 punctate

signals in the IPL were particularly dense at sublayers 3, 4 and 5, and rather sparse

at layers 1 and 2. The proximal part of the IPL corresponds to the ON-layer of

synaptic circuitry among retinal bipolar, amacrine and ganglion cells. The mosaic

of Cx36-punctate localization in the retina was specific to the connexin, different

from those of other retinal connexins: Cx43 [16, 26] and Cx45 [16].

In aldehyde-fixed retinas, the punctate fluorescence in the OPL was larger and

more brilliant than that of the IPL, and it was decreased but present in acetone-

exposed retinas (filled arrowheads in Fig. 3B). In deeply dried sections obtained

from rapidly frozen retinas, however, fluorescent punctate signals of Cx36 were not

observed in the OPL, but clearly evident in the IPL (Fig. 3D). The punctate localiza-

tion of Cx36 in the IPL was identical between in fixative-free and the aldehyde-fixed

Fig. 2. Western blot analysis of proteins separated by SDS-PAGE from rat tissue homogenates
during maturation of the retina, probed with affinity-purified anti-Cx36 antisera directed against the
amino-acid sequence of rat retinal connexin36 protein. Following transfer of proteins, the immuno-
reactivity was detected by incubation of PVDF membranes with affinity-purified antibody and the
ECL method. The western blot profile in the neural retina of adult animal (lane 6: Adult, P180)
show a single immunoreactive band with the molecular mass of approximately 36 kDa, whereas
no staining is detected in rat cardiac muscle (lane 7: Heart) in control. During development the
intensity of the reactivity in homogenates from postnatal 0- (lane 1: P0) and 4-day-rat retina (lane 2:
P4) is slightly weaker than that of adult animal. The reactivity for postnatal 7-day-rat (lane 3: P7)
is almost compatible to the adult level and is maintained throughout late development [postnatal
10- (lane 4: P10) and 16-day-rat (lane 5: P16)]. All lanes were mounted with 10 µg of rat tissue
homogenates. Molecular mass revealed by ECL protein markers (Amersham Pharmacia Biotech) is
indicated in the left.
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Fig. 3. Immunofluorescent labeling of rat retina with affinity-purified anti-Cx36 antisera and Alexa
546-conjugated secondary antibody under various fixation protocols (see text). A, In control section
lacking primary antibody, replaced with rabbit preimmune serum, no immunolabeling is detected. B,
Compared with the control section, a transverse retinal section incubated with anti-Cx36 antibody
following rapid freezing and cooled acetone exposure shows numerous brilliant punctate immuno-
fluorescence throughout the IPL. The punctate immunosignals of the IPL are prominent at proximal
layers (sublayers 3–5) and rather sparse at sublayers 1 and 2. Punctate fluorescence is also present
in the OPL (filled arrowheads), but no punctate signal is seen in the ONL or INL. Any intracellular
labeling is not observed throughout the acetone-exposed retina, including retinal ganglion cells
in the GCL, but autofluorescence of the inner segments of photoreceptor cells is evident. C, In
the retina fixed briefly with paraformaldehyde-based fixative (see Materials and Methods), three-
dimensional projection of thirty-four optical images by confocal laser scanning shows numerous
discrete punctate signals throughout the OPL as well as the IPL, and some prominent cytoplasmic
immunolabeling of somata (open arrowheads) in the conventional amacrine cell layer and the GCL.
Large perikarya (double arrows) in the GCL show prominent intracellular immunoreactivity. Note
that nuclei in these cells are free of labeling. The fine puncta of the IPL are equivalent between
paraformaldehyde-fixed and acetone-exposed retinas (B). In the OPL, relatively large and brilliant
punctate fluorescence is visible. D, In a vertical retinal section without any chemical fixation (see
text), a more extensive field of the fine punctate signals, similar to those of fixed retinas (B and C),
is present in the IPL, whereas the OPL does not show any puncta. Cytoplasmic immunolabeling
is evident in somata (open arrowheads) of the conventional amacrine cell layer and the GCL.
Double arrows indicate cytoplasmic immunolabeling of perikarya in the GCL. Inner segments of
photoreceptor cells, the outer nuclear, outer plexiform, inner nuclear, inner plexiform and ganglion
cell layers, are labeled as IS, ONL, OPL, INL, IPL, and GCL, respectively. Scale bars: 50 µm for
A, B, C and D.
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retinas, whereas acetone-exposed preparation indicated more brilliant IPL-puncta

because of the lowest background on the tissue (Fig. 3B). This observation suggests

that the IPL puncta are thought to be associated with Cx36 protein, but whether

Cx36 is localized in the OPL is not clear.

3.4. Expression of Cx36 in retinal amacrine and ganglion cells

Except for ethanol- and acetone-exposed preparation, there was some prominent

cytoplasmic immunoreactivity of somata in inner row of the inner nuclear layer

(INL) and in the GCL, and immunolabeling of dendritic processes within the IPL,

but nuclei were free of label (Fig. 3C–D). Any cytoplasmic immunolabeling was

not detected in acetone-exposed retinas (Fig. 3B). It is well known that ethanol

and acetone fix proteins bound to cytoskeletons and membranes, but easily dialyze

soluble proteins from tissue in cytochemical processing. The cytoplasmic labeling

in these retinal neurons is likely associated with abundant expression of intra-

cellular Cx36 protein. The perikaryal immunolabeling in the INL (open arrowheads

in Fig. 3C–D) appears to be from amacrine cells as potential origin, making it

very likely that amacrine cells are forming gap junctions involving Cx36 in their

dendrites. This finding is supported by the occurrence of gap junctional connection

in mammalian amacrine cells, revealed with electron microscopy [32, 52] and by

microinjection of tracer molecules [57, 58, 63]. Immunofluorescence of large perikarya

in the GCL (double arrows in Fig. 3C–D) was more prominent than that of amacrine

cells in the INL and of smaller cell bodies in the GCL. The large cells in the GCL

(Fig. 3C–D) appear to be retinal ganglion cells since adult Wistar rat α-like cells in

the GCL possess their large somata of more than 18 µm in diameter [53]. This obser-

vation provides that the Cx36 punctate label may also be involved in possible gap

junctions of retinal ganglion cells. Previous ultrastructural studies described that

several types of mammalian retinal ganglion cells are connected with gap junctions

in their dendrites (for rat α-like cells, [21]; for primate parasol cells, [25]).

Recent double immunostaining experiments [10, 36] using other Cx36 anti-

bodies and a neuronal marker of glycinergic AII amacrine cells, anti-parvalbumin

sera for rat retina [60] or anti-calretinin antibody for rabbit retina [36], have

reported that Cx36 immunopuncta were overlapped on dendrodendritic contacts

between the cells. However, their alternative immunocytochemical method with

those antibodies failed to label cytoplasmic Cx36 protein in the AII somata. To

investigate cell types expressing Cx36 protein, cytoplasmic immunolabeling by our

affinity-purified antibody was further examined by double labeling fluorescence

using anti-parvalbumin sera in rat retina. Figure 4 shows that the Cx36 antibody

labeled parvalbumin-immunopositive and -negative somata in paraformaldehyde-

fixed retina. Some of parvalbumin-immunopositive somata showed prominent Cx36

cytoplasmic immunoreactivity. An interstitial cell (filled arrowheads), whose somata

is localized in the middle of the IPL, showed discriminating Cx36 immunoreactivity

but not for immunolabeling of anti-parvalbumin sera. Parvalbumin-negative cells
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Fig. 4. Confocal examination of cell types expressing Cx36 by double-labeling of a vertical
cryosection from paraformaldehyde-fixed rat retina with an antibody against parvalbumin. Cx36
(A) and parvalbumin immunoreactivity (B) are displayed together in C with pseudocolored
Cx36 (red) and parvalbumin (green). Some perikaryal cytoplasmic immunoreactivity against
Cx36 demonstrates colocalization with the diffuse parvalbumin immunolabeling, and other Cx36-
immunopositive somata (open arrowheads) in the innermost low of the INL are parvalbumin-
negative. Filled arrowheads indicate a Cx36-immunopositive interstitial cell whose soma is located
within the IPL. Double arrows present cytoplasmic Cx36 immunolabeling of perikaryon of a large
retinal ganglion cell in the GCL. Scale bars: 50 µm for A, B and C.

Fig. 5. Perikaryal and dendritic punctate expression of Cx36 in adult rat α-like retinal ganglion
cell. Pseudocolored three-dimensional projection of seventy-five optical images by confocal laser
scanning shows Lucifer Yellow labeling (green) of rat depolarizing retinal ganglion cell expanding
its dendrites in the proximal part (ON-layer) of the IPL, somatic Cx36 immunoreactivity (blue)
in the proximal seventeen optical sections localized in the GCL, and punctate immunolabeling
(red) in the more distal fifty-eight sections localized in the IPL. The α-like cell soma presents
cytoplasmic Cx36 immunoreactivity. Arrows indicates evident overlapping of Cx36 punctate signals
in the Lucifer Yellow-labeled dendrites. Note that tiny Cx36 puncta overlapped in the dendrites
cannot be discriminated in the projected images. Scale bars: 100 µm.
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in the innermost low of the INL showed some weak Cx36 immunoreactivity (open

arrowheads), whereas large ganglion cells in the GCL expressed prominent somatic

Cx36 immunoreactivity (double arrows). These results demonstrate that Cx36

expression is not limited in AII amacrine cells but also localized in several types

of retinal amacrine and ganglion cells.

To provide direct evidence of Cx36 expression in retinal ganglion cells, intra-

cellular filling of adult rat α-like cells [53] by Lucifer Yellow was documented with

Cx36 immunolabeling. The overlay function equipped in confocal laser scanning

microscopy was utilized in Cx36 immunolabeling on the fluorescent dye-labeled

retinas. Figure 5 shows three-dimensional projection of optical images, consisting

of Lucifer Yellow labeling (green) of a depolarizing α-like cell, somatic Cx36 immuno-

reactivity (blue) localized in the GCL, and punctate immunolabeling (red) dis-

tributed in the IPL, where pseudocoloring discriminates the punctate immunosignals

from the brilliant perikaryal immunoreactivity. One of cytoplasmic Cx36 immuno-

labeling in the GCL was overlapped with the Lucifer-filled soma. It is evident

that some Cx36 punctate signals (arrows) occur in the Lucifer-labeled peripheral

dendrites. Small gap junction plaques in peripheral dendrites of retinal ganglion

cells were encountered in previous thin-sectioning ultrastructural studies [21, 25],

so that possible overlapping of tiny Cx36 puncta in the dendrites would not be

discriminated in the projected confocal images.

4. Discussion

Newly generated antibody against the cytoplasmic loop between transmembrane

domains II and III of rat Cx36, by the immunoblotting, recognizes a single protein

with the molecular mass of 36-kDa corresponding to the predicted mass of Cx36

protein, deduced from the Cx36 cDNA. Cx36 protein is expressed in the retina

of developing and adult rats, and a high level of the expression is maintained

throughout adulthood following postnatal development of the retina. Application

of our fixation protocols using the anti-Cx36 antibody to the immunocytochemical

analysis revealed the cellular localization of the connexin in mature amacrine and

ganglion cells. Several types of amacrine and ganglion cells express Cx36 protein in

puncta in the IPL and in intracellular distribution in their cell bodies and dendrites.

The present study demonstrates that subpopulation of mature excitatory neurons

such as retinal ganglion cells, in addition to inhibitory amacrine cells, possibly

synthesize abundant cytoplasmic Cx36 protein and make dendritic gap junctions

involving Cx36 with neighboring neurons.

4.1. Identification of Cx36 protein

Protein bands with molecular mass of 36 kDa, detected with our antibody directed

against the site in cytoplasmic loop of Cx36 by Western blotting, were identical

during the maturation of rat retina examined in the present study. Similar protein
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bands with the molecular weight, corresponding to Cx36 protein, were reported

by Belluardo et al. [2], Rash et al. [46] and Teubner et al. [54], who generated

other antibodies with alternative epitopes against Cx36. Accordingly, detection of

the connexin protein in the rat retina with our antibody leaves little possibility of

protein misidentification. Our immunoblotting results extend earlier reports [1, 5, 49]

of Cx36 mRNA expression in rodent nervous tissue by demonstrating Cx36 protein

in homogenates from adult and developing retinas.

4.2. Gap junctions involving Cx36 in the mammalian retina

Immunolabeling of connexins is seen as punctate in tissue where gap junctions

are localized, and the puncta reflect gap junction plaques [9, 64]. Recent electron

microscopical analysis with freeze-fracture replica technique showed that neuronal

gap junction plaques in the central nervous system of adult rats contain Cx36 [46].

In the present study, the fixative-free retinas represented the Cx36-puncta only in

the IPL, but the puncta in aldehyde-fixed or acetone-exposed retinas were detected

both in the OPL and the IPL. The punctate labeling in the OPL was larger and more

brilliant than that of the IPL. Similar observation was obtained in recent reports

using aldehyde- or ethanol-fixation [2, 46, 54]. It is uncertain whether the OPL bril-

liant puncta of the chemically fixed retina show gap junctions due to the following de-

scription: (1) retinal horizontal cells in the outermost part of the INL are connected

with extensive gap junctions [19] that are potential structures for the large puncta

seen in the OPL. But Condorelli et al. [5] did not reveal the presence of Cx36 mRNA

by in situ hybridization either within the outer nuclear layer or in the outermost

part of the INL, although the same group [2] lately showed faint in situ hybridization

signals in the outer half of the INL. The size of gap junctions between mammalian

photoreceptor cells in the outer nuclear layer and the OPL is small [48, 55]. (2)

Another candidate for the OPL puncta is likely a dendrodendritic gap junction

between retinal bipolar cells. But anatomically identified dendritic gap junctions

between mammalian bipolar cells are tiny [47]. To date the occurrence of extensive

dendritic gap junctions of mammalian bipolar cells, compatible to those of the hor-

izontal cells, have not been reported, although fish depolarizing (ON-center) and

protein kinase C-immunopositive bipolar cells connect the same type with dendritic

gap junctions [45, 56]. (3) Immunofluorescent puncta in the OPL, similar to those

of our micrographs (see Fig. 3B–C), were reported by [50] in chemically fixed mice

retinas, obtained from targeted connexin mutants deficient for connexins (Cx31,

Cx32 and Cx40) where the corresponding connexin open reading frame was deleted.

Antibodies against Cx31, Cx32 and Cx40 labeled the OPL puncta both in the wild-

type and their deficient mice retinas (see [50], their Fig. 3). In those mice deficient

in Cx31, Cx32 and Cx40, however, no immunoreactive proteins have been found

by immunocytochemical examination in skin, liver, and heart, respectively [30, 38],

since the connexin proteins cannot be formed in any tissue and deposited as gap

junction plaques in the plasma membranes. Accordingly, it is possible that there
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may be substances reactable with connexin antibodies in the OPL of chemically

fixed retinas. Feigenspan et al. [10] reported similar possibility of nonspecific Cx36

staining in the OPL of chemically fixed rat retinas. Mills et al. [36] described that

an anti-Cx36 antibody crossly reacts with somata and axons of rod bipolar cells in

chemically fixed rabbit retinas. Immunoelectron microscopical studies are needed to

resolve connexin localization in the OPL of the retina.

Based on the above consideration, we conclude that Cx36 is expressed in several

types of proximal retinal neurons but not for distal neurons. The present study

provides direct evidence of Cx36 expression in amacrine and retinal ganglion cells,

since our Cx36 antibody labeled cytoplasm of somata and dendrites of those retinal

neurons. This conclusion leads to the occurrence of cellular heterogeneity in proximal

retinal distribution of Cx36 protein, with their expression in amacrine and ganglion

cells; i.e., inhibitory and excitatory neurons. Almost all mammalian amacrine cells

use inhibitory neurotransmitters: GABA and/or glycine whereas retinal ganglion

cells contain glutamate [27]. The AII amacrine cells are the important glycinergic

inhibitory interneurons in the mammalian rod pathway, receiving cone signals via

gap junctions with cone-connected bipolar cells [52, 60]. Recent reports [10, 36] have

showed that the AII cells express Cx36. Our results is consistent with that, since all

AII cell somata were Cx36-immunopositive. In addition, the present study provides

a novel information that other amacrine cells rather than AII cells also use Cx36.

In the OFF-layer (the distal part) of the IPL, punctate immunosignals were

scatteredly distributed. It is unknown that hyperpolarizing amacrine and ganglion

cells form fewer gap junctions in the OFF-layer rather than depolarizing cells do

in the ON-layer of the IPL. Xin and Bloomfield [63] described that mammalian

hyperpolarizing amacrine and ganglion cells show tracer coupling to the same type

and other type of cells in the OFF-layer of the IPL. Rat OFF-type α-like retinal

ganglion cells make gap junctional contacts with neighboring cells [21]. In the

present study we found that interstitial amacrine cells located in the OFF-layer

were Cx36-immunopositive (see Fig. 4). A recent report by Mills et al. [36] has

showed that S1/S2 amacrine cells expanding their dendrites in the OFF-layer were

Cx36-negative. To identify cellular origin of the Cx36 puncta in the OFF-layer of the

IPL, further studies are needed to localize Cx36 immunoreactivity in alternatively

labeled dendrites from hyperpolarizing amacrine and ganglion cells.

4.3. Retinal ganglion cells express Cx36

Retinal ganglion cells encode the input our brains use to sense visual information.

The cells extract this information in chemical synapses from retinal interneurons,

and transform it into spike trains. In generation of spike trains in retinal ganglion

cells, electrical synapses in the cells have been proposed to extend slightly their

receptive field centers and produce correlated firing of the interconnected cell

population [33, 34, 39, 44]. Abundant expression of Cx36 protein in retinal ganglion

cells that we found in the adult retina provides a molecular evidence of the
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occurrence of cell-to-cell coupling in the cell population. Guldenagel et al. [17]

have recently reported a possible function of Cx36 in the retina using the targeted

connexin mutant mice. Derived from their recording of electroretinogram in the

Cx36-deficient animals, they concluded that Cx36 is involved in the rod pathway,

which is especially functional in gap junctions between AII and ON cone bipolar

cells. Their physiological data in the Cx36-deficient animals, however, can be

interpreted as functional loss in prominent interaction between retinal excitatory

proximal neurons, since b-wave in mutant animals was dramatically decreased

and only showed small oscillation under high intensity illumination, compared

with that of wild type. Deans et al. [8] and Hormuzdi et al. [24] have reported

that electrical coupling between mature inhibitory interneurons in neocortex and

hippocampus [12, 13, 14, 59] was exclusively disrupted in the Cx36-deficient

animals. However, some adult brain excitatory neurons: e.g. neocortical stellate

cells [59], olfactory mitral cells [5] and cerebellar Purkinje cells [42] were identified to

express Cx36 mRNA. The contribution of gap junctions involving Cx36 to electrical

coupling in excitatory neurons is unknown. In addition, functional roles of Cx36

in embryonic [18] and early postnatal developmental stages, where the higher and

more widespread distribution of gap junction networks are present [28, 29, 43, 65],

remains unresolved. In developing retina, synchronized firing activity, correlated

with the occurrence of coupled networks in retinal ganglion cells, occurs in circuit

formation [44, 62], where Cx36 expression was abundant to reach adult level (see

Fig. 2). Studies of Cx36 in developing brain and retina may provide novel infor-

mation in intercellular communication via gap junctions, which is responsible for

coordinated neuronal activity in circuit formation (see [28, 29]).
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Cx connexin

ECL enhanced chemiluminescence method

GCL ganglion cell layer of the retina

INL inner nuclear layer of the retina

IPL inner plexiform layer of the retina
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OPL outer plexiform layer of the retina

P postnatal days

PLP periodate-lysine-paraformaldehyde

PVDF polyvinylidene fluoride

RT-PCR reverse transcription-polymerase chain reaction

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

TM transmembrane domain
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