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„ My devotion to the retina is ancient history. The subject always
fascinated me because, to my idea, life never succeeded in constructing
a machine so subtilely devised and so perfectly adapted to an end as the
visual apparatus……
I must not conceal the fact that in the study of this membrane I for the
first time felt my faith in Darwinism weakened, being amazed and
confounded by the supreme constructive ingenuity revealed not only in
the retina and in the dioptric apparatus of the vertebrates but even in the
meanest insect eye. There, in fine, I felt more profoundly than in any
other subject of study the shuddering sensation of the unfathomable
mystery of life. “
(Cajal, 1937)
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Zusammenfassung
Die Retina der Wirbeltiere hat einen stark konservierten Aufbau. Sie besteht aus einer
äußeren und einer inneren plexiformen Schicht (synaptische Schichten), die sich
zwischen drei zelluläre Schichten einfügen: die äußere, die innere nukleäre und die
Ganglienzellschicht. In diesen nukleären Schichten befinden sich die Zellkörper von
allen Hauptzelltypen. Die äußere nukleäre Schicht enthält die Zellkörper der
Photorezeptoren, während die innere nukleäre Schicht die Zellkörper von Horizontal-,
Amakrin- und Bipolarzellen enthält. Die letzte Schicht enthält die Zellkörper der
Ganglienzellen.
Von allen Hauptklassen der retinalen Neuronen bilden die Amakrinzellen die
verschiedenartigste

Zellgruppe

in

Bezug

auf

Morphologie,

Größe

und

Netzhautabdeckung. Erstaunlicherweise gibt es bis heute noch keine morphologische
Klassifikation der Amakrinzellen in der Mausretina. Obwohl diese Retina aufgrund der
gentechnischen Untersuchungsobjekt der Retinaforschung geworden ist.
Das erste Ziel der vorliegenden Dissertation war entsprechend, die Zahl der in der
Ganglienzellschicht lokalisierten Amakrinzelltypen zu erforschen. Gefunden wurden
zehn verschiedene Typen von deplatzierten Amakrinzellen, sechs davon sind neue
Typen, die bisher noch nicht beschrieben wurden.
Amakrinzellen sind durch chemische Synapsen und auch durch Zell-Zell-Kanäle (lat.
Nexus, eng. gap junctions) ٭mit Bipolarzellen, Ganglienzellen und anderen
Amakrinzellen verbunden. Eine Gap Junction wird dabei aus zwei Halbkanälen
gebildet, wobei jede Zelle einen Halbkanal beisteuert. Die jeweiligen Halbkanäle
durchqueren die Zellmembran der Zellen und verbinden sich im Interzellulärraum mit
den Halbkanälen der benachbarten Zelle. Die Connexone werden

ihrerseits von

sechs Proteinen, genannt Connexinen (Cx), gebildet. Die Connexine sind also die
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Proteine, die interzelluläre Kanäle bilden, und sind für die Zusammensetzung der Gap
Junctions verantwortlich.
Alle wichtigen Zellklassen der Wirbeltierretina enthalten Gap Junctions. In der Retina
der Nagetiere ist Cx36 in Zapfen vorhanden. Horizontalzellen sind miteinander durch
Cx57 gekoppelt. Bipolarzelltypen enthalten zwei verschiedene Connexine, Cx45
und/oder Cx36. Auch viele Ganglienzelltypen zeigen Tracer-Kopplung mit anderen
retinalen

Neuronen.

Dabei

werden

von

verschiedenen

Ganglienzelltypen

unterschiedliche Connexine verwendet.
Das zweite Ziel der vorliegenden Arbeit war die Identifikation der Cx45exprimierenden Amakrinzellen und Cx30.2-exprimierenden Ganglienzellen
transgenen Mäusen.

in

Außerdem wurde ich die Lokalisation von Cx57 in den

Horizontalzellen der Mausretina untersucht. Alle diese Connexine (Cx36, Cx45, Cx57
und Cx30.2) haben unterschiedliche und besondere Eigenschaften, die vermutlich in
Beziehung zu den verschiedenen Funktionen der verschiedenen Neuronentypen in
der Retina stehen.
Die Ergebnisse haben gezeigt, dass Cx45 in bestimmten Typen von Amakrinzellen
vorhanden ist, die mit den so genannten S1 und S2 Indoleamin-akkumulierenden
Amakrinzellen in der Kaninchenretina und mit den A17 Amakrinzellen in der
Katzenretina identisch zu sein scheinen. Diese Zelltypen sind für das Sehvermögen in
der Dunkelheit sehr wichtig, da sie eine große Rolle im Stäbchenweg spielen. Diese
Zellen proyezieren den Hauptteil ihrer synaptischen Ausgänge zurück auf die
Stäbchenbipolarzellen, von denen sie ihren Eingang erhalten. Beide Amakrinzelltypen
bilden elektrisch gekoppelte Netzwerke.
Außerdem

wurden

mindestens

sechs

verschiedene

exprimierenden Ganglienzellen gefunden. Eine

X

Typen

von

Cx30.2-

von ihnen ist ein sehr großer

Ganglionzelltyp, der mit zahlreichen displatzierten Amakrinzellen durch Gap Junctions
aus Cx30.2 und einem unbekannten Protein verbunden ist.
Durch die Generierung eines entsprechender Antikörpers, konnte erstmalig die
genaue Lokalisation von Cx57 auf den Dendriten und den Axonendigungen von
Horizontalzellen erreicht werden. Dies unterstützt vorherige Studien, die zeigten, dass
Cx57 in der Mausretina exklusiv in Horizontalzellen exprimiert wird.
In meinem letzten Projekt habe ich die Morphologie von Horizontalzellen in
transgenen Tieren im Bezug auf den Verfall der Photorezeptoren analysiert.
Verglichen wurden die injizierten Horizontalzellen der transgenen Mäuse mit den
Horizontalzellen der wilden Maus. Die Ergebnisse zeigen, dass die Degeneration der
Photorezeptoren nicht zur Degeneration der Horizontalzellen führt.
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Summary
Vertebrate retinae are all organized in five layers: outer and inner nuclear layers,
ganglion cell layer, outer and inner plexiform layers (synaptic layers). The nuclear
layers contain the cell bodies of the major classes of retinal neurons. Photoreceptors
are located in the outer nuclear layer, horizontal, bipolar, and amacrine cells have their
cell bodies in the inner nuclear layer, and ganglion cells are in the ganglion cell layer.
Of all the classes of retinal neurons, amacrine cells are the most diverse with respect
to morphology, size, and retinal coverage. Surprisingly, a classification of all amacrine
cells in the mouse retina has not been created.
The mouse is a widely used animal model for the application of transgenic technology,
which offers a new set of tools for studying the functions of the nervous system. The
first goal of my thesis project was to classify the amacrine cell types located in the
ganglion cell layer of the mouse retina. I found 10 different types of displaced
amacrine cells; six of them are novel types which have not been described before.
Retinal neurons communicate using chemical synapses as well as gap junctions,
where membranes of the two communicating neurons are linked by a special kind of
intercellular contact. Gap junctions are formed by two end-to-end hexameric structures
called connexons, formed by six proteins called connexins. Thus connexins are the
proteins that form the intercellular channels that compose gap junctions. Gap junctions
have been reported to be expressed in all the major classes of the vertebrate retina. In
the rodent retina, Cx36 is expressed in cone photoreceptors. Horizontal cells are
extensively coupled to other horizontal cells by a specific connexin, Cx57. Bipolar cell
types express two different connexins, Cx45 and/or Cx36, and many ganglion cells
types exhibit tracer coupling to retinal neurons by expressing different connexins. All
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these connexins (Cx36, Cx45, Cx57 and Cx30.2) have different and specific properties
which might be correlated to the different functions of these retinal neurons.
The second goal of my work was to identify the Cx45-expressing amacrine cells and
Cx30.2-expressing ganglion cells using transgenic mice. My results showed that Cx45
is expressed in a specific amacrine cell type which is identical to the S1 and S2
indoleamine-accumulating amacrine cells in the rabbit and is similar to the A17
amacrine cells in cat retina. These cell types are very important for night vision since
they play a role in the rod pathway. The majority of their synaptic output is sent back
onto rod bipolar cell axon terminals. Both of these rod amacrine cell types form
electrically coupled networks. I found six different types of Cx30.2-expressing ganglion
cells. One of these was a giant ganglion cell type coupled to numerous displaced
amacrine cells through gap junctions involving Cx30.2 and an unidentified protein.
Lastly, I collaborated on two big projects with horizontal cells. My work in the first
project was to demonstrate the expression of Cx57 in horizontal cells of the wild type
mouse retina. I showed the presence of Cx57 in dendrites and axon terminals in
horizontal cells of the mouse retina, supporting previous studies that reported Cx57 to
be specific to horizontal cells. In the second project, I analyzed the morphology of the
horizontal cells in transgenic mice where the photoreceptors are degenerated. The
injected horizontal cells did not present any morphological anomalies compared to the
horizontal cells of the wild-type mouse retina.
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Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina

1. The retina
The retina or neural portion of the eye is a thin sheet of neuronal tissue and actually
part of the central nervous system (CNS). The retina comprises complex neural
circuitries that convert the graded electrical activity of photoreceptors into action
potentials that travel to the brain via the optic nerve.
Visual signals are processed by five main retinal classes of neurons (Fig.1):
Photoreceptors, horizontal cells, bipolar cells, amacrine cells, and ganglion cells. The
cell bodies are stacked in the nuclear layers. The somata of the photoreceptors are
located in the outer nuclear layer (ONL), whereas the cell bodies of horizontal, bipolar
and amacrine cells are in the inner nuclear layer (INL). Horizontal cell somata lie
along the outer margin of the INL; bipolar cell bodies are located in the middle of the
INL and amacrine cells are arranged along the proximal border of the INL. The
ganglion cell bodies make up the last layer, the ganglion cell layer (GCL).
Some exceptions have been found in the retina, when for example ganglion cells are
found in the INL, amacrine cells in the GCL, horizontal cells in the GCL and amacrine
cells in the outer plexiform layer (OPL) (Silveria et al., 1989; Lima et al., 2005; AbdelMajid et al., 2005; Lee et al., 2006; Lin and Masland, 2006). Such cells are referred
to as displaced cells, although it has been shown conclusively that displaced
amacrine cells found in the GCL are a constant feature of many if not all vertebrate
retinae.
The processes and synaptic contacts are located in two different layers: the inner
plexiform layer (IPL) and the OPL. The terms inner and outer designate relative
distances from the center of the eye: inner, near the center of the eye, and outer
away from the center.
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Fig. 1. Diagrammatic scheme of the retina showing the variety of neurons. OPL: outer
plexiform layer; HCs: horizontal cells; BPCs: bipolar cells; ACs: amacrine cells; IPL: inner
plexiform layer; GCs: ganglion cells. Picture modified from Kolb (2003).

The physiology of the retina comprises two major different functions. First, the retina
converts the light into electrical signals by the photoreceptors, which are sensitive to
the light. There are two types of photoreceptors, rods and cones. Rod and cone
systems are specific for different aspects of vision. Rods are very sensitive to light
and are activated at very low levels of light (dim light) and therefore they mediate
night vision (scotopic vision). In contrast, the cone system is adapted to detect the
brighter conditions of daylight and is the responsible for color and form.
Second function of the retina is the codification of the visual stimuli (form, movement
and color).
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Photoreceptors make synaptic contacts with the bipolar cells which send the
information to the ganglion cells. Photoreceptors respond to a light stimulus with a
slow hyperpolarization, and release glutamate at their specialized synaptic terminal,
the cone pedicle. The postsynaptic neurons, the bipolar cells, express different sets
of glutamate receptors (GluRs) at their contacts with the cone pedicles. OFF cone
bipolar cells express ionotropic glutamate receptors, whereas ON cone bipolar cells
express the metabotropic glutamate receptor mGluR6. OFF cone bipolar cells
transfer their signals onto OFF ganglion cells, whereas ON cone bipolar cells make
synapses onto ON ganglion cells.
Ganglion cells relay the information to the central nervous system (CNS) by
projecting to the lateral geniculate nucleus, the superior colliculus and to brain stem
nuclei (reviewed in Kolb, 2003; Wässle 2004).

2. Electrical synapses
A mode of signal transmission between neurons is constituted through electrical
synapses (gap junctions). Electrical synapses have been reported in immature and
adult mammalians as well as in invertebrates. In the mammalian retina, gap junctionmediated dye transfer has been found in all the main classes of neurons that form the
neuronal retinal network (reviewed in Söhl et al., 2005).
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2.1 Gap-junction proteins
2.1.1 The connexins
Gap junction’s plaques are clusters of intercellular channels connecting the
cytoplasm of two adjoining cells. By providing low-resistance for ions, small
molecules (e.g., Ca++, c-AMP, glutathione), nucleotides, amino acids and second
messengers, electrical connections allow the direct transmission of electrical signals.
Generally, gap junction channels allow the passive diffusion of molecules of up to
1200 Daltons (Simpson et al., 1977; Evans and Martin, 2002). These channels that
make up the gap junctions are made of two hemi-channels or connexons. One
connexon is located in the membrane of one cell and docks with the connexon of the
adjacent cell forming an aqueous pore. Each connexon is made of six proteins
coined connexins which are abbreviated as “Cx” (Fig. 2A; for review, see Söhl et al.,
2005). Homotypic gap junctions comprise two identical connexons, heterotypic gap
junctions are built from two different connexons on the two sides of the junction
(reviewed in Söhl et al., 2005).
Connexins are commonly named by their predicted molecular mass in kDa, with a
prefix for species where necessary (e.g. Cx45 with 45 kDa, Cx30.2 with 30.2 kDa,
mCx36 with mouse 36 kDa connexin, hCx25 with 25 kDa human connexin, and so
on). So far, 20 connexin genes have been found in the mouse and 21 in the human
genome (Söhl and Willecke, 2003).
In vertebrates (during development, morphogenesis, pattern formation and in the
adult organism) most cells communicate via gap junction (Bruzzone et al., 1996;
Goodenough et al., 1996; Bennet et al., 2001), but they are absent in adult skeletal
muscle, erythrocytes, thrombocytes and spermatocytes.
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2.1.2 Gap junction structure
In transmission electron micrographs of ultrathin tissue sections, gap junctions
appear as regions where the plasma membranes of two adjacent neurons are
separated by a small gap of 2-3 nm (Robertson, 1963; Benedetti and Emelot, 1965;
Revel and Karnovsky, 1967). Electron micrographs of freeze-fracture replicas of
vertebrate junctions have shown that the connexons (hemichannels) are ordered in a
hexagonal pattern.

Fig. 2. Gap junction channel and connexin structure. A) Gap junction channels assemble in
plaques containing few to several hundred single channels. Each cell contributes one
hemichannel called connexon that consists of six connexin proteins. B) Example of a
connexin, typically thread through the membrane four times, with the AT, CT and CL
exposed to the cytoplasm. Connexin arrangement in the membrane.Yields two extracellular
loops designated EL-1 and EL-2. (modified from Söhl et al., 2005; Laird, 2006)

Each connexin protein is an integral membrane protein with four alpha-helical transmembrane domains (TM) connected by two extracellular loops (EL-1 and EL-2), an
intracellular loop (CL) and cytoplasmic N- (AT) and C-terminal (CT) ends which are
intracellular (see Fig. 2B). The two EC loops each have three cysteines that are
5
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spaced in a specific manner. This topology was confirmed for Cx43, Cx32 and Cx26
(Hertzberg et al., 1988; Milks et al., 1988; Yancey et al., 1989; Laird and Revel, 1991;
Zhang and Nicholson, 1994; Goodenough et al., 1998) and it seems that this
topology is a common feature for all connexins. The two extracellular loops can be
involved in the interaction between hemichannels of neighboring neurons, and the
cysteine set are thought to keep this structure rigid.

2.2 Gap junctions in the mammalian retina
The mammalian retina expresses multiple connexins that mediate the coupling of
different cell types. Tracer injections has been a powerful tool in identifying the sites
of gap junctions in neurons (Güldenagel et al., 2001; Veruki and Harveit, 2002;
Deans et al., 2002; Schubert et al., 2005a,b). In the mammalian retina, four different
connexins have so far been reported to build electrical synapses, and it is very likely
that this list is not complete. Cx36 has been described in AII amacrine cells
(Feigenspan et al., 2001; Mills et al., 2001; Feigenspan et al., 2004), photoreceptors
(Deans et al., 2002; Lee et al., 2003; Feigenspan et al., 2004), bipolar cells
(Feigenspan et al., 2004; Lin et al., 2005; Han and Massey, 2005) and alpha
ganglion cells (Schubert et al., 2005a; Völgyi et al., 2005). AII amacrine cells form
homotypic gap junctions made of Cx36 with one type of ON cone bipolar cell (Lin et
al., 2005; Han and Massey, 2005) and heterotypic gap junctions involving Cx45 with
bipolar cells (Maxeiner et al., 2005; Dedek et al., 2006). Cx45 is expressed in bipolar
cells (Maxeiner et al., 2005), bistratified ganglion cells (Schubert et al., 2005b) and in
amacrine cells (Maxeiner et al., 2005).
Most mammalian retinae have two types of horizontal cells, the A-type and the B-type
(Masland, 2001). Gap junctions in A-type horizontal cells are composed of Cx50 in
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the rabbit (O’Brien et al., 2006). In the mouse retina, only one type of horizontal cell
has been described (B-type), which expresses Cx57. These cells lose their electrical
coupling in Cx57-deficient mice (Hombach et al., 2004).

Despite these known gap junction proteins, it is likely that still other connexin genes
are expressed in the mammalian retina. For example, Xin & Bloomfield (1997)
showed that many ganglion cell types exhibit tracer coupling. Besides the directionselective and alpha ganglion cells, the connexin involved in the electrical coupling of
the remaining ganglion cell types is unknown. I will focus on the electrical synapses
of horizontal, amacrine, and ganglion cells here.

2.2.1 Horizontal cells
Horizontal cells are second-order neurons located in the INL of the retina. They
modulate the synaptic transmission between photoreceptors and bipolar cells. It is
believed that they are anatomically and functionally rather similar throughout
mammals (reviewed in Masland, 2001). One of the most comprehensive,
comparative anatomical descriptions of mammalian horizontal cells is that by Ramón
y Cajal (1893). He concluded that the basic components of all mammalian retinae are
virtually identical and, in particular, that there are two types of horizontal cells: the Atype, an axonless horizontal cell, and the B-type, with a single axon ending in the rod
terminals (Peichl and González-Soriano, 1993).
The mouse retina contains only one type of horizontal cell, the axon-bearing type
(Suzuki and Pinto, 1986; He et al., 2000). The axonless cell has never been
observed in mice. The B-type horizontal cell has an axon that extends 100 µm or
more across the retina and at the end, branches to form a telodendritic arbor. Their

7

Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina
dendrites and axonal arborizations form a dense network in the OPL. When the low
weight tracer Neurobiotin is intracellularly injected into a horizontal cell, it passes
through the gap junctions revealing an extensive coupled network (Fig. 3). The
connexin that mediates these coupling patterns has been identified as Cx57 in the
mouse retina by Hombach et al., in their 2004 study. They created a mouse line in
which the Cx57 is eliminated and replaced by a lacZ reporter gene.
In this mouse line, the expression of beta galactosidase was specifically located in
the horizontal cells, tracer coupling was impaired, and the horizontal cell receptive
field size was significantly reduced (Hombach et al., 2004; Shelley et al., 2006).
However, the exact localization of this connexin on horizontal cells had never been
reported since no specific antibodies had been developed. In our lab, a specific
antibody was developed and I tested it in injected horizontal cells.

Fig. 3. A Neurobiotin injected horizontal cell shows an extensive coupled network in C57BL/6
mouse retina. Scale bar = 80 µm.
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The electrical coupling between the horizontal cells in the mammalian retina has
been reported to be modulated by ambient light through neuronal messengers such
as dopamine, and retinoic acid (reviewed in Weiler et al., 2000). Under light-adapted
conditions, there is a sustained reduction of horizontal cell coupling and this
uncoupling is mediated through activation of D1 receptors. Retinoic acid reduces the
coupling between horizontal cells and with the time, the coupling is completely
abolished (reviewed in Weiler et al., 2000).
Mammalian horizontal cells receive inputs from both types of photoreceptors
(reviewed in Wässle and Boycott, 1991) but the contributions of their inputs to the
light responses of the mouse retina have not been investigated. In a work performed
by Dr. Jennifer Trümpler (2008, in press), she investigated these contributions. The
goal of this project was to analyze the role of the axon by using different mouse lines,
in which the contributions of photoreceptors are isolated. She analyzed the light
responses of the horizontal cells using the following mouse lines (Cx36, CNGA3, and
rhodopsin knock-out mouse lines and CNGA3-Cx36 double knock-out). In the Cx36
knock-out mice (Güldenagel et al., 2001), the coupling between rods and cones is
impaired (Deans et al., 2002). In the CNGA3 knock-out mice, the cone inputs to the
horizontal cells are eliminated (Biel et al., 1999), and in the rhodopsin knock-out
mouse line, the horizontal cells do not receive inputs from rod photoreceptors
(Humphries et al., 1997). Since photoreceptors are degenerating in two of these
mouse lines, it could produce degeneration in the morphology of horizontal cells. My
part of the work was to analyze the morphology of the horizontal cells in the CNGA3Cx36 knock-out mouse line.
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2.2.2 Amacrine cells form electrical networks
The name amacrine cell was given by Cajal to cells that have no axon.
Amacrine cells are second-order of inhibitory neurons in the retina that modulate the
information flow from bipolar cells to ganglion cells in the IPL. Amacrine cells
constitute the most diverse group of cell types within the retina. They have been
classified into morphological groups based on two main parameters:
1. - Diameter of the dendritic field
2. - Ramification patterns in the IPL
By the size of the dendritic trees, they are classified into narrow-, small-, mediumand wide-field amacrine cells. According to the ramification patterns they could be
mono-, bi-, multistratified or diffuse. Classifications of amacrine cells have been
surprisingly few in the mouse retina but despite the fact that the number of amacrine
cell types is uncertain, there may be between 30 and 40 types, based on differences
in dendritic architecture, retinal distribution, and neurotransmitter used (for review see
Wässle and Boycott, 1991).
Amacrine cell bodies are either placed in the INL or situated in the GCL. In the inner
part of the INL they form a layer of about two cell bodies thickness, and they
comprise 41% of all cells in that layer (Strettoi and Masland, 1995; Jeon et al., 1998).
This layer is also called the amacrine cell layer. Despite their diverse morphology, the
neurochemical properties look relatively simple. Most of them contain glycine or
GABA as primary neurotransmitter and many of them contain a second neuroactive
substance (Vaney, 1990).
Glycinergic amacrine cells are generally small-field amacrine cells with diffusely
branching dendrites, vertically orientated and often bistratified dendritic trees. They
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include at least ten different morphologic types, among which are the AII amacrine
cells (Pourcho and Goebel, 1985; Vaney, 1990; Menger et al., 1998; MacNeil and
Masland, 1998; Shen and Jiang, 2007). AII amacrine cells are crucial interneurons in
the rod pathway that receive input from rod bipolar cells, providing output onto ONcone bipolar cells through gap junctions and onto OFF-cone bipolar cells through
chemical synapses (Kolb and Famiglietti, 1974). Glycinergic amacrine cells inhibit
light responses in ganglion cells, suppress glutamate release in bipolar cells, and
suppress synapses from other amacrine cell types (Pourcho and Owczarzak, 1991;
Maple and Wu, 1998) and they comprise 40-50% of the population of amacrine cells
(Pourcho, 1986; Marc, 1989; Pow and Hendrickson, 1999).
GABAergic amacrine cells are usually wide-field amacrine cells and include at least
17 different morphological types (Vaney, 1990; MacNeil and Masland, 1998; Badea
and Nathans, 2004; Lin and Masland, 2006). Contrary to the glycinergic amacrine
cells, many GABAergic neurons contain or accumulate a second neurosubstance.
Examples include the cholinergic starburst amacrine cells (Vaney et al., 1981), the
indoleamine accumulating cells (Vaney, 1986), dopaminergic amacrine cells (for
review, Witkovsky, 2004), and substance P-immunoreactive amacrine cells (Pourcho
and Goebel, 1988, Vaney et al., 1989). GABAergic amacrine cells comprise two
different subgroups, axonless and polyaxonal cells. Both subgroups exist in
mammalian retinae (Badea and Nathans, 2004; Lin and Masland, 2006). Examples
of the axonless wide-field amacrine cells are the “bow-tie” cells and A17 cells,
polyaxonal (axon-bearing) amacrine cells seem to be the predominant subgroup of
the wide-field amacrine cells in the mouse retina. They present the same
characteristics between all of them: they have short dendrites (presumed to be the
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input zones) and long axon-like dendrites (output zones) emitted from the soma or
dendritic branches.
Amacrine cells are connected with bipolar cells, ganglion cells and other amacrine
cells not only by chemical synapses but also by gap junctions (see chapter 2.1).
Amacrine cells are coupled to amacrine cells, bipolar cells, ganglion cells or are
uncoupled by heterotypic or homotypic gap junctions.
For my thesis, I will focus on the rod amacrine cells, especially the A17 cells.

2.2.2.1 Rod amacrine cells
Three amacrine cell types are essential in the rod pathway in all mammalian retinae.
The narrow-field AII amacrine cell, which is a narrow-field amacrine cell with a
dendritic tree diameter typically 30-70 µm and has bistratified morphology. This cell
type of amacrine cell links the rod and cone pathways so that the rod signals can also
use the cone bipolar pathways to make synapses onto ganglion cells. This amacrine
cell is primarily postsynaptic to rod bipolar axon terminals in lower sublamina b of the
IPL (Strettoi et al., 1992).
The AII passes rod-driven information to cone bipolar cells that make contact with
ganglion cells of sublamina b. It does so through large gap junctions with these cone
bipolar axons before they make in turn their ribbon synapses to those ganglion cells.
Injecting AII amacrine cells with Neurobiotin-filled electrodes have demonstrated that
AII amacrine cells contain two different types of electrical synapses. These are
homologous coupled to other AII amacrine cells and heterologous coupled to ONcone bipolar cells. There is strong evidence that AII amacrine cells express Cx36
(Feigenspan et al., 2001; Mills et al., 2001). The heterologous couplings with ON-
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cone bipolar cells are heterotypic because they do not express the neuron specificCx36 (Feigenspan et al., 2001; Mills et al., 2001).
The ON-cone bipolar cells express a different Cx than Cx36 or Cx57. This Cx has
been identified as Cx45 in all ON-cone bipolar cells (Maxeiner et al., 2005) with the
exception of the type 7 (according to the classification of Ghosh et al., 2004) which
seems to express Cx36 (Lin et al., 2005; Han et al., 2005).

The second rod amacrine cell is the so called A17 type or reciprocal amacrine (see
below).
There is another amacrine cell type involved in the rod pathway which influences
both AII and the reciprocal amacrine cell. This cell is the dopaminergic cell
(interplexiform cell).

2.2.2.1.1 A17 amacrine cells
Using fluorescence histochemical methods in the rabbit retina, Ehinger and Floren
(1976) observed that some retinal neurons accumulate serotonin. The endogenous
concentration of serotonin is very low in the rabbit retina and therefore these cells
were named “indoleamine-accumulating”. This group of indoleamine-accumulating
cells comprises five subpopulations, two of them located in the GCL and three in the
INL (Sandell and Masland, 1986). In the INL, one of these cells could be an
interplexiform cell based on its morphology. The other two types are known as S1
and S2 amacrine cells in the rabbit retina (Vaney, 1986). S1 and S2 cells are radial
wide-field amacrine cells presenting a large number of thin dendrites, decorated at
regular intervals with prominent varicosities. These neuron types were found in the
INL and GCL of the rabbit retina but their dendritic trees are flatter than the S1 and
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S2 located in the INL (Sandell and Masland, 1986). Dendrites of these cells located
in the INL go through the IPL and terminate in strata 5 in a diffuse way, forming a
dense plexus (cat: S4 and S5, Nelson and Kolb, 1985; rat: S5, Menger and Wässle,
2000). These cells make reciprocal synapses with rod bipolar cells (Sandell et al.,
1989).
Despite being very similar, the S1 and S2 exhibit some differences. The S1 is larger
and presents large varicosities while the S2 is much smaller and has more but
smaller varicosities (Vaney, 1986; Sandell and Masland, 1986; Zhang et al., 2002).
The dendrites of the S2 cell are more tangled, radiating dendrites. Tracer coupling of
these cells has been described previously (Vaney, 1994; Xin and Bloomfield, 1997).
When Neurobiotin is injected into these cells, the S1 cells show extensive
homologous coupling to other S1 cells, whereas S2 cells present less coupling.
Crossover coupling between the two cell types has rarely been detected (Li et al.,
2002).
These cells are GABAergic, and comprise 20% of all GABAergic amacrine cells
(Massey et al., 1992). Confocal analysis done by Zhang et al. (2002) showed that the
varicosities of these cells are synaptic sites and are located closed to rod bipolar cell
terminals. In addition, Fletcher and Wässle (1999) found the postsynaptic localization
of GABAA and GABAC receptors on rod bipolar cells.
The morphological differences between S1 and S2 cells could indicate different
functions. Zhang et al. (2002) proposed that the lateral inhibitory input close to the
rod bipolar cells must be dominated by the S2 cells, because of the distribution of the
S2 varicosities, and provide a more local feedback, since these cells are not strongly
coupled. S1, having a larger dendritic field and strong coupling (Vaney, 1994; Li et
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al., 2002) could provide a more distant signal contributing to the antagonist surround
of the rod pathway (Völgyi et al., 2002).
The A17 rod amacrine cell of the cat is morphologically identical to the S1
indoleamine-accumulating cell of the rabbit (Nelson and Kolb, 1985; Wässle et al.,
1987; Vaney, 1994). As in the rabbit retina, A17 cells have been described in the
mouse retina (Badea and Nathans, 2004) but the coupling patterns and the connexin
involved are unknown.

2.2.2.2 Displaced amacrine cells
In the GCL there are two types of neurons: ganglion cells and amacrine cells which
are termed displaced amacrine cells. The difference between these neurons is that
the amacrine cells lack an axon whereas the ganglion cells have centrally-projecting
axons that send their messages to the brain. Evidence of displaced amacrine cells is
now available in almost all mammalian GCL. Equal numbers of each type of neuron
were found in the rat retina (Perry and Walker, 1980) while in the rabbit retina about
one-third of the neurons in the GCL are displaced amacrine cells (Hughes and
Vaney, 1980; Vaney, 1980), and up to 75-80% in the peripheral areas of the cat
retina (Hughes and Wieniawa-Narkiewicz, 1980; Wong and Hughes, 1987). In the
hamster and ground squirrel retina, approximately one half of the neurons in the GCL
are displaced amacrine cells, the other half are ganglion cells (Linden and Esbérard,
1987; Abreu et al, 1993). In humans, displaced amacrine cells represent 3% of the
total cells in central retina and nearly 80% in the far periphery (Curcio and Allen,
1990), and in the adult tammar wallaby which has half as many ganglion cells and
three times as many displaced amacrines as rabbit and cat (Wong et al., 1986). The
squirrel retina has ten types of displaced amacrine cells (Linberg et al., 1996) and in
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the rat retina, at least six different types of displaced amacrine cells in the GCL which
comprise medium-field cells to wide-field amacrine cells (Perry and Walker, 1980) are
known and in the cat four types of displaced amacrine cells where found (Waessle et
al., 1987).
In the GCL of the mouse retina the fraction of ganglion cells is 43-44% making the
displaced amacrine cells a fraction of 56-57% (Jeon et al., 1998).
The majority of experiments with displaced amacrine cells were done with
immunohistochemical experiments and most of these neurons are known only from
occasional Golgi impregnations. Studies were also done with Nissl staining and
neurons were classified as ganglion cells or displaced amacrine cells according to
the disposition of Nissl substance. Experiments with antibodies do not reveal any
information of the morphology of the displaced amacrine cells. With the exception of
a few displaced amacrine cell types (Badea and Nathans, 2004; Lin and Masland,
2006), the identity of displaced amacrine cells is largely unknown. For my thesis, I
have created a classification of displaced amacrine cells in the mouse retina.

2.2.3 Ganglion cells exhibit tracer coupling
Ganglion cells are neurons located in the GCL. Ganglion cells are the output
units of the eye sending a message to the brain. As a general rule, the activity of
bipolar cells tends to increase the firing rate of the ganglion cell, and the activity of
amacrine cells tends to decrease it.
Neuroanatomists have classified the neurons according to the same features. The
criteria commonly used have been the soma, dendritic field size, pattern and level of
stratification. The morphology of the cells serves as a neuronal signature, allowing
one type to be distinguished from another.
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In the mouse retina there are at least 10-15 different morphological types of ganglion
cells (Masland, 2001; Sun et al., 2002a; Kong et al., 2005; Coombs et al., 2006).
Microinjections with Neurobiotin into ganglion cells have demonstrated that coupling
is a common feature of many ganglion cell types. Ganglion cells can couple to
GABAergic amacrine cells, to glycinergic amacrine cells, to other ganglion cells or to
both ganglion and amacrine cells. Interestingly, these coupling patterns are
conserved through various animal species as well as the dendritic morphology of
several types, for example, “giant” or α-ganglion cells. Since David Vaney (1991)
observed tracer coupling in the alpha ganglion cells, the molecular identity of the
connexins in retinal neurons has been extensively studied.
Sun et al., in his 2002a study, classified the ganglion cells into four groups based on
their soma size, dendritic field size, and pattern and level of stratification.
Monostratified ganglion cells were included in three different groups: RGA (see
below), RGB and RGC. RGB cells comprised ganglion cells with small to mediumsized dendritic field and RGC neurons have medium to large-sized dendritic field.
Bistratified ganglion cells are included onto the last group (RGD). Briefly, I will
summarize the A group of ganglion cells (Sun et al., 2002a) focusing on the gap
junctions and the cxs involved.

2.2.3.1 Group RGA
Sun et al., (2002a) classified the ganglion cell types in four different groups. The first
group, named RGA, comprises three ganglion cell subtypes, two of them correspond
to the well-known alpha ganglion cells and the remaining one corresponds to the
“giant” ganglion cells or RGA1. All the cell types included in this group exhibit tracer
coupling when injected with Neurobiotin (Vaney, 1991; Huxlin and Goodchild, 1997).
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2.2.3.1.1 RGA1
In the mouse retina, RGA1 cells express large, polygonal somata of 18.23 ± 1.2 µm.
From the soma, three to five stout primary dendrites branch in a radial pattern,
resulting in a large dendritic field size of 281.47 ± 19.38 µm. The dendrites branch
distantly from the soma, resulting in few dendrites proximal to the soma. A confocal
picture of a typical RGA1 is shown in figure 4A. These cells are equivalent to Perry’s
(1979) type 1 cells, Dreher et al., (1985) and Martin’s (1986) class I cells, and the ON
alpha cells of Peichl (1989) and Tauchi et al. (1992).
Coupling patterns: In the mouse retina RGA1 are heterologously coupled to numerous
displaced amacrine cells, whereas in rat retinae, these cells are coupled to ganglion
cells and amacrine cells (Huxlin and Goodchild, 1997).
Which connexin is responsible for this tracer coupling? In a work performed by
Schubert et al. (2005a), injections in Cx36 knockout of RGA1 cells with Neurobiotin
demonstrated that Cx36 is not responsible for forming these gap junctions. The
identity of the connexin in RGA1 ganglion cells will be determined in my thesis work.
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Fig. 4. A comparison between RGA1 and RGA2. A) shows a RGA1 coupled to displaced
amacrine cells. B) illustrates a RGA2 outer (an OFF alpha cell) coupled to big cells
corresponding to other RGA2 outer cells and small cells located in the INL corresponding to
amacrine cells. C) a RGA2 inner (ON alpha cells) showing their typical coupling patterns.
Scale bar = 40 µm.

2.2.3.1.2 RGA2 or α- ganglion cells
Alpha cells are a type of ganglion cells described first in the cat retina (Boycott and
Wässle, 1974) and they comprise 2-4% of the ganglion cell population (Peichl and
Waessle, 1981). Two types of α- ganglion cells have been reported in the mouse
retina, differentiated on the basis of their stratification patterns. Outer alpha cells (or
OFF alpha cells) with a dendritic tree close to the INL border and inner alpha cells
(ON alpha cells) close to the GCL border. Alpha cells have a round cell body of
approximately 23 ± 4 µm. The shape dendritic trees can be shaped from circular to
quite often elliptical (Size = 318 ± 74 µm), and these cells have three to seven
primary dendrites that branched proximal to the soma (Sun et al., 2002a ; Schubert et
al., 2005a) and very rarely the dendrites overlap (see Fig. 4B, C).
Coupling patterns: Alpha cells conserved their morphology in many, if not all,
vertebrate retinae (rat: Perry, 1979; Tauchi et al., 1992; Huxlin and Goodchild 1997;
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cat: Peichl and Waessle 1981; rabbit: Peichl et al., 1987; Xin and Bloomfield, 1997).
Despite of the conserved morphology, variations in the coupling pattern of these cells
have been reported.
In the mouse retina, α- ganglion cells express two distinct tracer coupling pattern:
OFF-α ganglion cells are coupled homologously to neighboring OFF-α ganglion cells
and heterologously to GABAergic wide-field amacrine cells.
ON-α ganglion cells are coupled to amacrine cells having their somas in the ganglion
cell layer or to amacrine cells with somas located in the INL but never show
homologous coupling to other alpha cells, as shown by Schubert et al. (2005a) and
Völgyi et al. (2005). Interestingly, ON-α ganglion cells in the rabbit retina are not
coupled (Hu and Bloomfield, 2003). Mastronarde (1983a–c) speculated that α-cell
electrical coupling serves to synchronize the spike activity of neighboring cells. This
idea was recently verified by Hu and Bloomfield (2003), who showed that OFF-α cells
maintain correlated activity whereas ON-α cells do not, indicating that coupling is
essential for synchronization of the discharges between neighboring α cells.
In Cx36 deficient mice, the heterologous coupling of both ON- and OFF- α ganglion
cells was lost indicating that the gap junctions between α ganglion cells and amacrine
cells depends on Cx36. Whether Cx36 is responsible for the coupling between α cells
remains unclear (Völgyi et al., 2005; Schubert et al., 2005a).
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3. Aims and objectives
Networks of neurons in several regions of the central nervous system are extensively
interconnected by electrical synapses (for review see Galarreta and Hestrin, 2001).
The retina provides examples of populations of neurons that make both homologous
and heterologous gap junctions. So far, three different connexins have been reported
in the mouse retina: Cx36, Cx45, and Cx57 (reviewed in Söhl et al., 2005). But the
morphology of many neurons expressing Cx36 and Cx45 is unclear and, it seems
very likely that this list of Cxs is not complete. Many different classes of amacrine and
ganglion cells have been reported to be coupled (Vaney, 1991; Xin & Bloomfield,
1997) and in many cases, the connexins involved are still unknown. In my thesis I
focused on electrical synapses of horizontal, amacrine, and ganglion cells and at the
same time on the morphological classification.

3.1 Aim I: Classification of displaced amacrine cells
Amacrine cells are inhibitory interneurons that modulate the information passed from
bipolar cells to ganglion cells.
Amacrine cell bodies can be located in the INL or in the GCL (called displaced
amacrine cells). The morphology and branching patterns of displaced amacrine cell
types have been examined in several mammalian species (e.g. Perry and Walker,
1980; Waessle et al., 1987) but little is known about the displaced amacrine cells in
the mouse retina (Badea and Nathans, 2004; Lin and Masland, 2006). The purpose
of this work was to classify the displaced amacrine cells in the mouse retina.
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3.2 Aim II: Characterization of amacrine cells expressing Cx45
Over the past few years, several studies have revealed an unexpected high density
of gap junctions in the retina, composed of different connexins. In this study I
classified the Cx45-expressing amacrine cells according to their horizontal and
vertical stratification patterns, general morphology, dendritic field size, soma size,
coupling patterns, and neurotransmitter content.

3.3 Aim III: Identification of retinal ganglion cells expressing Cx30.2
This connexin, and its putative human orthologue Cx31.9, have been described in
the brain, vascular smooth muscles, testis, heart and CNS (Nielsen et al., 2002;
Nielsen and Kumar, 2003; Kreuzberg et al., 2005; Kreuzberg et al., 2008). Using a
transgenic mouse line in which the Cx30.2 coding region was replaced by the LacZ
gene (Kreuzberg et al., 2006), I studied the morphology of the ganglion cell types
expressing this protein.

3.4 Aim IV: Morphology of horizontal cells and localization of Cx57
Horizontal cells are extensively coupled by Cx57 (Hombach et al., 2004). My part of
the first project was to analyze the localization of the connexin using microinjections
and a specific antibody against Cx57. My work in a second project was to study the
morphology of these cells in CNGA3-Cx36 double knock-out mice.
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4. Material and Methods
4.1 Mouse strains and tissue preparation
All the mice that I used were killed by cervical dislocation in accordance with
institutional guidance for animal welfare. Whole-mount retinae were prepared in
mouse Ringer medium which contained (in mM) 137 NaCl, 5.4 KCl, 1.8 CaCl 2* 2H2O,
1 MgCl2* 6 H20, 5 HEPES, 10 Glucose, pH adjusted to 7.4 with 0.1 N NaOH at room
temperature or in carboxygenated Ames Ringer solution (pH 7.4).
Retinae were individually floated with photoreceptor side down onto black filter paper
(Millipore Corporation, Bedford, MA) and mounted in a recording chamber.
For my thesis, I used the following mouse strains: Cx45 fl/fl: Nestin-Cre, Cx45fl/+:
Nestin-Cre (Maxeiner et al., 2005), Cx30.2lacZ/lacZ, Cx30.2lacZ/+ (Kreuzberg et al.,
2006), Cx36-/- (Güldenagel et al., 2001), CNGA3-/- /Cx36-/- and wild-type mice
(C57BL/6).

4.2 Intracellular injections
The methods for intracellular injections have been described previously (Schubert et
al., 2005a,b). Intracellular injections were carried out with borosilicate glass
electrodes (170-200 MΩ) that were pulled with a Sutter puller (Sutter P-97, Brown
and Flaming Micropipette Puller, Novato, CA) and filled with a solution containing
0.5% Lucifer Yellow (Sigma, St. Louis, MO) or 1% Alexa Fluor 488, 594 or 488
(Molecular

Probes,

Eugene,

OR)

and

4%

N-(2-aminoethyl-)-biotinamide

hydrochloride (Neurobiotin; Vector Laboratories, Burlingame, CA), dissolved in Tris
buffer (pH 7.4-7.5).
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To visualize ganglion cell bodies in the WT retinae, a few drops of Acridine orange (1
µM, Sigma) were added to the recording chamber containing the mouse retina. For
targeted injection in Cx45-EGFP retinae, the EGFP signal was used to target
amacrine cells in the GCL (for more details see chapter 7.1; Pérez de Sevilla et al.,
2007) and in the INL. Lucifer Yellow (Sigma, St. Louis, MO)/Alexa dyes (Molecular
Probes, Eugene, OR) were iontophoresed with negative current of -1 nA (750 ms at 1
Hz). When the dendritic morphology of the cell could be seen, the direction of the
current was reversed to inject positively charged Neurobiotin molecules (Vector
Laboratories, Burlingame, CA). Cells were injected for 3-4 minutes depending of their
size. After the last injection, the retina remained for at least 30 min in the recording
chamber, allowing diffusion of Neurobiotin.
To label living LacZ positive cells, retinae from Cx30.2 lacZ were incubated with
fluorescein di-beta-D galactopyranoside (FDG). FDG was purchased from Sigma
(1:120 in carboxygenated Ames Ringer solution, pH 7.4). After 1 minute incubation,
retinae were washed out in dark for 15 minutes in Ames Medium. Cells were injected
as described above.
Then the retinae were fixed in 4% paraformaldehyde for 10-15 minutes.

For injecting horizontal cells, eyes were enucleated and transferred to a Petri dish
with carboxygenated Ames ringer solution (pH 7.4) at room temperature. The retina
was cut in four pieces and incubated in Ames Medium with DAPI (10 µM, Sigma) for
60 minutes in darkness at room temperature. After incubation, the four pieces were
washed in Ames Medium for 20 minutes. Retinae were individually floated with
photoreceptor side down onto black filter paper (Millipore Corporation, Bedford, MA).
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Horizontal cells were recognized by their large nuclei and localization in the INL.
Horizontal cells were targeted with electrodes filled with Lucifer Yellow and
Neurobiotin or with electrodes containing Alexa 488 dye. When the morphology of
the neurons could be seen, cells were injected for three minutes with positive current
(in the case of Neurobiotin) or negative current (in the case of Alexa 488). Two
horizontal cells were injected in each piece of retina.
After the injection, all retina pieces were fixed in 2% PFA for ten minutes and then
washed several times in PB (pH = 7.4).
Horizontal cells injected with Neurobiotin, were incubated overnight with StreptavidinCy3 at 4°C.

4.3 Immunohistochemistry and confocal microscopy
Fixed retinae were washed for at least 30 minutes in 0.1 M phosphate buffer, pH 7.4
(PB). Neurobiotin was visualized by reacting injected retinae overnight with
streptavidin-indocarbocyanine (Cy3, Jackson Immunoresearch, West Grove, PA;
dilution 1:500), in 0.1 M PB containing 0.3% Triton X 100 (Sigma).
Some retinae from Cx30.2 lacZ mice were processed by using the betagalactosidase essay as described by Feigenspan et al. (2004). Briefly, whole-mount
retinae were washed in lacZ washing solution and incubated with the betagalactosidase substrate X-gal during three-four days at 37°C. Neurons with betagalactosidase reactivity were identified by the reaction product, which consisted of
one nuclear black/blue dot.
Retinae were mounted in Vectashield Mountin Medium (Vector Laboratories,
Burlingame, CA). The perimeter of the slides was sealed with nail polish for
prolonged storage. The mounted slides were stored at 4°C protected from light.
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Immunocytochemistry with antibodies against specific proteins completed all the
experiments.
Images were taken by a Leica TCS SL confocal microscope.
Intensity and contrast of the final images were adjusted by using photoshop adobe
(version 7.0)

4.4 ERG measurements
ERG experiments were carried out as described in Maxeiner et al. (2005). Mice (3
months old) were dark adapted over night before the experiment and then
anesthetized by intraperitoneal injection of xylazine (50 mg/kg) and ketamine (20
mg/kg) under dim red light. When the mouse was completely anesthetized, a drop of
1% atropine sulfate was used to dilate the pupils. All procedures involving animals
were approved by the local institutional animal care and use committees and were in
accordance with the Institute for Laboratory Animal Research Guide for Care and
Use of Laboratory Animals. Responses were recorded from the corneal surface of
the left eye. The ERG was measured using a stainless steel electrode that made
contact with the corneal surface. Needle electrodes placed in the cheek and the tail
served as reference and ground leads, respectively. At least 10 responses were
averaged at each light intensity. Data analysis was done with Chart v.5.1 and Delta
Graph v. 4.0 for statistical analysis.
For more details of the methods, see chapters 7.1, 7.3, and 7.4.
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5. Results
5.1 Displaced amacrine cells of the mouse retina (Pérez de Sevilla et al., 2007)
There is evidence of 11 types of displaced amacrine cell in the mouse retina
(Gustincich et al., 1997; Badea and Nathans, 2004; Lin and Masland, 2006).
Since displaced amacrine cells make up about 56-57% of the somata within the
mouse GCL (Jeon et al., 1998), it is probably that many amacrine cell types of the
GCL have not been described.

5.1.1 Classification of displaced amacrine cells
More than 400 displaced amacrine cells were labeled in this study. Of these, only the
cells which were completely labeled were chosen for creating the classification. The
majority of amacrine cells in the GCL of the mouse retina exhibited circular or ovoid
dendritic fields, and some wide-field amacrine cells had asymmetric dendritic fields.
The soma of the displaced amacrine cells ranged in size from 7-10 µm, with some
exceptions.
I adopted the Cajal’s terminology to describe the amacrine cells presented in this
study. Displaced amacrine cells were classified based on their stratification patterns
and dendritic field size. Stratification was determined based on the five strata of the
inner plexiform layer (IPL), common for all vertebrate retinae (Cajal, 1973). Displaced
amacrine cells were divided into two groups according to their dendritic field size:
medium-field cells, with dendritic fields ranging from 200-500 µm; and wide-field
cells, with dendritic fields over 500 µm. By injecting Neurobiotin into randomly
selected somata in a whole-mount retinal preparation, I identified 10 different
morphological types of displaced amacrine cells. Four of the medium-field cell types
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were monostratified, including the starburst amacrine cell and one type was
bistratified. The wide-field group comprised six types of monostratified and one type
of multistratified cell (see Fig. 5).
Cells were named according to the IPL stratum in which their dendrites branched.
The displaced amacrine cells identified in this study share many similarities with
amacrine cells described in the rat (Perry and Walker, 1980), turtle (Kolb, 1982), cat
(Waessle et al, 1987a) and rabbit (McNeil et al, 1998).

5.1.2 Neurotransmitter expression
Amacrine cells are inhibitory neurons in the mammalian retina, and they can express
either GABA or glycine. I used antibodies against these neurotransmitters to analyze
which neurotransmitter is expressed in the displaced amacrine cells of the mouse
retina. GABA antibodies produced a uniform distribution of labeled cell bodies in the
GCL (n = 2 retinae) whereas glycine antibodies labeled few cells in the GCL (n = 3).
In addition, GABAergic cell bodies had a small mean diameter size (6.2 ± 1.4 µm, n =
20 cells). This mean size is the same as the displaced amacrine cells described in
this study; glycinergic cells in the GCL had bigger mean soma size (11.7 ± 3.6 µm, n
= 17). This suggests that the majority of displaced amacrine cells are GABAergic
neurons. For more information of the displaced amacrine cells see chapter 7.1 (Pérez
de Sevilla et al., 2007).
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Figure 5 . Illustrations of the ten displaced amacrine cell types identified in this study. The top
panel shows the morphology of each cell type; the bottom panel illustrates the stratification
depth of each cell type. Scale bar: 200 µm (Pérez de Sevilla et al., 2007).
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5.2. Morphological, neurochemical and functional characterization of amacrine
cell types expressing connexin45 in the mouse retina
In this study I have characterized these amacrine cells by injecting amacrine cells
expressing Cx45 in a transgenic mouse mutant (Cx45fl/fl:Nes-Cre, (Maxeiner et al.,
2005)). Briefly, the gene for the cytosolic EGFP was inserted downstream of Cx45
exon 3 in this mouse line. The exon 3 of the Cx45 gene was flanked by loxP sites
allowing conditional deletion by Cre-recombinase under the control of the Nestin
promoter. These mice express enhanced green fluorescent protein (EGFP) instead of
Cx45 gene. Cx45 ablation after removal of exon 3 of the Cx45 gene resulted in a
Cx45-deficient retinae.
The expression of EGFP under the control of the Cx45 promoter in Cx45fl/fl: NesCre mice showed neurons in the INL and in the GCL, as well as some blood vessels.
EGFP-positive cells in the INL correspond to bipolar cells and amacrine cells
(Maxeiner et al., 2005) whereas in the GCL, Schubert et al. (2005b) revealed two
types of bistratified ganglion cells expressing Cx45 in the mouse retina.

5.2.1 Classification of Cx45-expressing amacrine cells
Classification of amacrine cells was done based on their horizontal and vertical
stratification patterns, general morphology, dendritic field size and soma size. A total
of 172 well-filled EGFP-positive amacrine cells were studied in detail for this
classification. At least two well-characterized EGFP-positive amacrine cell types were
found in the mouse retina.
Type One was a medium-field neuron, with a dendritic field diameter of 366.62 ± 82
µm (mean ± SD; n = 127). This neuron type had a small, round soma of 10.56 ± 1.53
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µm and represented approximately 74% of the injected EGFP-positive amacrine
cells. These cells had varying morphologies with an oval dendritic field tree and they
presented numerous varicosities (Fig. 6). This cell type was always found in the INL
but never in the GCL.

Fig. 6. Confocal pictures of Type One Cx45-expressing medium-field amacrine cells showing
the variety of morphologies. These cells were located in the inner nuclear layer. Scale bar =
80 µm.
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Type Two was found in the INL and in the GCL. The round soma had a mean
diameter of 11.16 ± 1.45 µm (n = 45) and the dendritic field measured 650.17 ± 315
µm. The dendrites branch in a radiate pattern and they are covered by many
varicosities. No differences in morphology were found between the cells found in the
INL and the GCL (see figure below). These cells were morphologically identical to the
S1 cells described in rabbit retina (Vaney, 1986) and the A17 in cat retina (Kolb et al.,
1981), respectively.

Fig. 7. The radiate amacrine cell morphology in flat-mount and transverse view in A) INL and
B) GCL. They do not present any differences in morphology or dendritic field size. C) and D)
illustrate the stratification patterns of the neurons in A) and B) (in red). Acetylcholinergic cells
are shown in blue, EGFP signal in green. Scale bar = 40 µm.

In order to get an estimation of the vertical distribution of processes within the inner
plexiform layer, the two plexi of cholinergic starburst amacrine cells, which
characterize the ON and OFF sublaminae, were labeled immunohistochemically with
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antibodies against ChAT and used as landmarks. The processes of the
acetylcholinergic cells form two bands, corresponding to S2 and S4 in the inner
plexiform layer (IPL), dividing the IPL into five strata of equal thickness. The dendrites
of the two types of Cx45-expressing amacrine cells stratified in the same way. They
gradually descend from the cell body in a diffuse way ending in S5 of the IPL (A17
cells, as shown in Fig. 7C) or in S4/S5 (type one, see Fig. 8C, F). In the case of the
displaced A17 amacrine cells, the dendritic tree stratified in S5 but in a monostratified
way (Fig. 7D).

Fig. 8. Morphology and stratification patterns of the Cx45-expressing amacrine cell Type
One. A) illustrates the general morphology of a cell in a flat-mounted retina. B) indicates colocalization with the EGFP signal. C) The dendritic arbor ramifies close to the GCL. D) shows
another example of a Cx45-expressing type one amacrine cell. E) shows the co-localization
with the EFGP signal. E) The type one neuron stratifies in S5 of the IPL. Scale bar = 40 µm.

33

Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina

5.2.2 Coupling patterns of Type One cells
Tracer injection experiments with the Cx45-expressing Type One cells in Cx45
heterozygous mice showed that Neurobiotin can pass directly into adjacent cells.
This neuron type was always coupled to numerous amacrine cells located in the INL.
I never observed coupled cells located in the GCL. Examples of three cells are
shown in figure 9 A, C, and E. The colocalization of the EGFP signal with the injected
cells is shown in figure 9 B, D and F. This cell type exhibited homologous (between
cells of the same type) and heterologous (between different cell types) coupling.
Neurobiotin in coupled cells was observed both in neurons expressing the EGFP
signal and in neurons without the EGFP signal (see Fig. 9D). These data indicate that
the Type One cell is coupled to other Cx45-expressing amacrine cells, most likely by
homotypic gap junctions, and to other amacrine cell type(s) expressing a different
connexin, by heterotypic gap junctions.
To evaluate the identity of the coupled partner of this neuron type, EGFP-positive
cells (n = 3) were injected with Neurobiotin for ten minutes (see Fig. 9G).

The

primary dendrites of the EGFP-positive coupled cells did not have the radial
morphology of the A17 cells. This suggests that the Cx45-expressing Type One
amacrine cell is coupled to other Type One cells. The primary dendrites of the
coupled cells that did not contain the EGFP signal (and thus did not express Cx45)
could also be visualized (Fig. 9G). They seemed to be medium- or wide-field
amacrine cells.
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Fig. 9. Coupling patterns of the Cx45-expressing Type One amacrine cells. A), C) and E)
show three EGFP-positive cells coupled to numerous amacrine cells. Below the injected
cells, the colocalization with the EGFP signal is shown (B, D, F). G) A Type One was injected
(*) for 10 min. Type One cells exhibit homologous and heterologous tracer coupling.
Homologously coupled cells do not present the radial morphology of the A17 cell, indicating
that they are also Type One cells.
Scale bar = 40 µm.
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5.2.3 Coupling patterns of A17 cells
In the wild type mouse, A17 cells are strongly coupled to other amacrine cells which
have cell bodies in the INL (see Fig. 10A). Unfortunately, only one cell was injected in
the WT mouse since these cells are very difficult to find since they are not labeled
with EGFP. In Cx45 heterozygous mice (n = 8), electrical coupling of A17 cells is
strongly reduced. Only one injected cell exhibited tracer coupling to a few cells.
These coupled cells expressed the EGFP signal, indicating that A17 cells are
coupled to other amacrine cells by Cx45 (data not shown).

Fig. 10. Right picture illustrates an A17 cell coupled to other amacrine cells of the INL in the
WT mouse retina. Left picture is an A17 cell injected in a Cx45 heterozygous mouse. They
normally did not show tracer coupling. Scale bar = 40 µm.
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5.2.4 Coupling of EGFP amacrine cells in Cx45-deficient mice
Injections with Neurobiotin in the EGFP-expressing amacrine cells were performed in
homozygous Cx45-deficient mice.

The Type One cells (n = 16) and the A17

amacrine cells (n = 11) showed no tracer coupling as shown in figure 11.

Fig. 11. EGFP-expressing amacrine cells injected in Cx45-deficient mice. A), B) illustrate the
Type One with no tracer coupling. C), D) show that A17 cells are not coupled to other cells in
Cx45 KO mice. Scale bar = 40 µm.
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5.2.5 Neurotransmitter of Cx45-expressing amacrine cells
Amacrine cells can be classified into two groups (GABAergic or glycinergic)
depending on the neurotransmitter they contain (Pourcho, 1996). To study the
neurotransmitter expression of the Cx45-expressing amacrine cells, whole-mounted
retinae of Cx45 fl/fl Nestin-Cre mice were incubated with antibodies against glycine
(generously donated by D. Pow; Pow et al., 1995) and GABA (1:500; SIGMA).

Fig. 12. A) A picture of the amacrine cells expressing EGFP (green) with glycine
immunostaining (red). B) GABA immunoreactivity (red) and the EGFP-expressing amacrine
cells (green). Scale bar = 40 µm.

Antibodies against glycine and GABA produced an uniform distribution of numerous
labeled somata in the INL. A few EGFP-positive cells showed a weaker but still
significant glycine labeling (n = 2, Fig. 12A); these cells probably correspond to the
Cx45-expressing cone bipolar cells (Maxeiner et al, 2005). They may contain glycine
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as a result of their gap junctional coupling to AII amacrine cells in the INL (Vaney et
al., 1998).
Incubation of Cx45 fl/fl Nestin-Cre retinae with antibodies against GABA (n = 2; Fig.
12B) showed a strong colocalization with the EGFP-positive amacrine cells. These
data

indicate

that

Cx45-expressing

amacrine

cells

contain

GABA

as

a

neurotransmitter and not glycine.

In conclusion, two GABAergic amacrine cell types expressing Cx45 were described.
Both types showed electrical coupling: A17 cells are homologously coupled with
other A17 cells, most likely by homotypic gap junctions whereas type one cells are
homologously coupled to other type one cells and heterologously coupled to an
unknown amacrine cell type.

5.3 Morphological and functional characterization of ganglion cell types
expressing connexin30.2 in the mouse retina (Pérez de Sevilla et al., submitted)
This connexin, and its putative human orthologue Cx31.9, have been described in
the brain, vascular smooth muscles, testis and heart (Nielsen et al., 2002; Nielsen
and Kumar, 2003; Kreuzberg et al., 2005; Kreuzberg et al., 2008). To study whether
Cx30.2 is expressed in the retina, I used a Cx30.2lacZ/lacZ mouse line where the
coding region of the Cx30.2 gene was replaced by a lacZ reporter gene expressed
under the control of Cx30.2 gene regulatory elements (Kreuzberg et al., 2006). The
LacZ signal was expressed in the nuclei of the cells and could be observed in
neurons located in the GCL and in the INL.
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I have concentrated the study on the GCL using immunocytochemistry and tracer
experiments to characterize the morphology of the cells expressing Cx30.2. I found
six different ganglion cell types expressing Cx30.2. One of the ganglion cell types
expressing Cx30.2 corresponds to the RGA1 neurons according to the classification
made by Sun et al. (2002a), or giant cells. RGA1 neurons have polygonal somata and
3 to 5 primary dendrites leave the soma in a radiate pattern of branching. The
dendrites radiate primarily in stratum 5 of the IPL, making it likely that these ganglion
cells are ON-ganglion cells. They are coupled to numerous amacrine cells having
their somas in the GCL. These displaced amacrine cells do not express Cx30.2 and I
conclude that the connecting gap junctions are composed of heterotypic channels
involving Cx30.2 and a yet unidentified connexin.
In this study I showed that giant ganglion cells express a new retinal connexin,
Cx30.2, and are coupled to displaced amacrine cells by heterotypic gap junctions.
For more details, see chapter 7.3.

5.4 Localization of Cx57 in horizontal cells of the mouse retina (JanssenBienhold et al., submitted)
Horizontal cells are extensively coupled by gap junctions. Hombach et al. (2004)
demonstrated that Cx57 is the connexin responsible for the coupling of the horizontal
cell network in the mouse retina, but the exact localization of this connexin in these
cells is unknown. To determine the location of Cx57 on the dendrites and/or axons of
horizontal cells, whole-mounts of wild type mouse retinae were used.
After injection of horizontal cells (see chapter 4.2), retinae were blocked with 10%
NGS and incubated with a specific antibody against Cx57. This polyclonal antibody
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(raised in rabbit) recognized a 15 amino acid peptide sequence of the C-terminal end
of mouse Cx57. The specificity of the antibodies was tested by Western blots and
immunohistochemistry in a Cx57 deficient mouse (Schultz et al., 2007). The cells
were analyzed by confocal microscopy and regions of the dendritic field were
selected for more detailed analysis.
Strong immunostaining was detected in the OPL and distal INL in the wild-type
mouse retina. The co-localization of Cx57 puncta with dendrites and axons of
horizontal cells was determined by examining individual sections. The connexin
immunolabeling decorated the dendrites and axon terminals, but I always found more
labeling in the axon terminals than in the dendrites.

I conclude that Cx57 is expressed in to a lesser degree in dendrites than axon
terminals. The localization of the Cx57 in horizontal cells supports previous studies
which have shown that Cx57 mediates the coupling pattern of the horizontal cells in
the mouse retina (Hombach et al., 2004). More information of the project in chapter
7.4.

5.5 Contribution of photoreceptor inputs to the light responses of the mouse
retina (Trümpler et al., in press)
Measuring the light responses in horizontal cells of three different transgenic mouse
lines, and comparing them to the light responses of horizontal cells in the wild type
mouse retina, Dr. Trümpler showed that probably the cone signals are transmitted
from the soma to the axon terminal but not vice versa. The separation of cone and
rod input to horizontal cells was achieved using transgenic mouse strains in which
one type of photoreceptor was degenerated. Since it is known that neurons depleted
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of their synaptic input show a tendency to degenerate (Strettoi et al., 2002; Dick et
al., 2003), it was important to control the integrity of the horizontal cells. To control
that the horizontal cells do not show anomalies, I injected horizontal cells in CNGA3-//Cx36-/- mice. The morphology of the cells compared to those in WT had no
differences. More information of this article in chapter 7.2.
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6. Discussion
Since Feigenspan et al. (2001) described the Cx36 in the mouse retina, the
identification of retinal connexins has progressed at an incredible velocity. Three
different connexins are known to be expressed in the mouse retina. Connexin57 is
exclusively expressed in horizontal cells (Hombach et al., 2004; Shelley et al., 2006),
Cx36 in photoreceptors, OFF cone bipolar cells, one type of ON cone bipolar cell, AII
amacrine cells and alpha ganglion cells (Feigenspan et al., 2004; Deans et al., 2002,
Feigenspan et al., 2001; Mills et al., 2001; Han & Massey, 2005, Lin et al., 2005;
Schubert et al., 2005a). The last connexin identified in the mouse retina was Cx45,
found in bistratified ganglion cells, OFF and ON cone bipolar cells and amacrine cells
(Schubert et al., 2005b; Maxeiner et al., 2005; Pérez de Sevilla et al., 2007).

6.1 Displaced amacrine cells
The term “displaced” as applied to amacrine cells gives the idea that these cells are
in the wrong layer, but amacrine cells have been described in the GCL of all classes
of vertebrates (rat, Perry and Walker, 1980; rabbit, Hughes and Vaney, 1980; Vaney,
1980; cat, Hughes and Wieniawa-Nakiewicz, 1980; Wong et al., 1986; ground
squirrel, Abreu et al., 1993; hamster, Linden and Esbérard, 1987; human, Curcio and
Allen, 1990; adult tammar, Wong et al., 1986; chick, Ehrlich and Morgan, 1980).
Thus there is strong evidence that amacrine cells have an important role in the GCL.
To avoid confusion, however, I used the term “displaced” in this study to conform with
the standard of other works.
In this work I showed evidence for 10 different types of displaced amacrine cells in
the mouse retina. They comprise four medium- and six wide-field amacrine cell types.

43

Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina
In order to get an estimate of the vertical distribution of processes within the inner
plexiform layer, the two plexi of cholinergic amacrine cells which characterize the ONand OFF-sublaminae were used as landmarks and the IPL was divided into five
strata or plexuses. Soma and dendritic field sizes were also used as primary
parameters in categorizing the cells. There is not a big difference in soma size of all
amacrine cells and they are generally of small size. The small size possibly resulted
in some erroneous measurements.
In general, most of the displaced amacrine cells are monostratified, just one type of
bistratified amacrine cell was found and only one type of wide-field amacrine cell was
classified as multistratified amacrine cell.
This classification is not complete, since other authors have reported other types of
displaced amacrine cells that I did not find (Lin and Masland, 2006; Badea and
Nathans, 2004).
Some wide-field and polyaxonal amacrine cells showed tracer coupling to other
amacrine cells, and many ganglion cells are coupled to displaced amacrine cells in
the mouse retina (Völgyi, personal communication). Why do we not we see tracer
spread in the displaced amacrine cells to ganglion cells in light-adapted retinae?
There are four possible reasons:
1. Neurobiotin must pass through the gap junctions to label the neighboring cells
and in the case of the wide-field cells, because of the big dendritic field,
probably the Neurobiotin molecules do not reach the coupled cells.
2. The movement of Neurobiotin is regulated by properties of the connexins.
3. Fluorescent histology is not enough to observe all coupled cells and better
methods should be used for the analysis.
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4. The impalement of the cell and/or application of iontophoretic current can
produce cellular damage, closing the gap junctions.

In this study I have shown that the displaced amacrine cells of the mouse retina are
most likely GABAergic. GABA is one of the major inhibitory neurotransmitters in the
mammalian retina and mediates a diversity of inhibitory signals in the retina. It seems
to be a general rule that glycinergic amacrine cells are small amacrine cells (Vaney,
1990; Menger et al., 1998) whereas medium- and wide-field amacrine cells are
GABAergic. For more details of displaced amacrine cells in the mouse retina see
chapter 7.1.

6. 2 Expression of Cx45 in the mouse retina
In the mouse retina, Cx45 has been shown to be expressed in bipolar cells (Maxeiner
et al., 2005) and in ganglion cells (Schubert et al., 2005b). In my thesis, I have
classified the Cx45-expressing amacrine cells.
In this study, intracellular microinjections of Neurobiotin were carried out in Cx45 fl/fl:
Nestin-Cre and Cx45 fl/+: Nestin-Cre mice (Maxeiner et al., 2005). They revealed
that the expression of this connexin is present in at least two different types of
GABAergic amacrine cells. One of them is located exclusively in the INL whereas the
second type was found in the INL and in the GCL. These types revealed coupling
and stratified in the S5 layer of the IPL. Tracer injections in Cx45-deficient mice
showed an absence of tracer coupling.
Type One Cx45-expressing amacrine cells resemble the waterfall 1 amacrine cell
described in the mouse retina by Badea and Nathans (2004), or the S2 cell described
in rabbit retina (Li et al., 2002). However, the method that Badea and Nathans used

45

Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina
did not allow an analysis of the coupling patterns. Type two cells resemble the A17
cell in rat or the S1 cell in rabbit (Kolb et al., 1981; Vaney, 1986).
Type One could be S2 amacrine cells, since they share many similarities. These two
cell types have similar morphology and dendritic field size, both cell types have many
varicosities and they stratify in the same way. However, they express many
differences. In the rabbit retina, S2 amacrine cells are homologously coupled, but not
as extensive as S1 amacrine cells (Li et al., 2002). In the mouse retina, the Cx45
Type One cell was homologously coupled to other Type One amacrine cells, and
heterologously coupled to another amacrine cell type(s) by heterotypic gap junctions.
Another difference between A17 and Type One cells in the mouse retina is the
number of coupled cells. A17 cells are more weakly coupled than Type One cells.
This weak coupling could be due to fewer gap junctional contacts in the A17
amacrine cell network. Measuring light responses of these cells could help to resolve
this issue. For example, if this cell type corresponds to the S2 amacrine cell in rabbit
retina, stimulating the Type One with different light intensities, should result in a
strong depolarization under scotopic conditions and a weak response in phototopic
conditions in case that. In addition, incubating the retina with DHT (5,7dihydroxytryptamine) could produce an ablation of the A17 and Type One cells, as
reported in rabbit retina (Dong and Hare, 2003).
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6.3 Localization of Cx57 in horizontal cells of the mouse retina
Cx57 is a specific Cx expressed only in horizontal cells of the mouse retina
(Hombach 2004). For the first time, we have demonstrated the presence of Cx57 gap
junctions in neurons of the mouse retina. In this study, the most important thing is the
specificity of the antibody used to locate Cx57 (see chapter 7.4).

6.4 Cx30.2 is expressed in the mouse retina
I showed that the novel retinal Cx, Cx30.2, is expressed abundantly in ganglion cells.
This protein was observed to be present in cells of the INL and GCL. The cells
located in the INL correspond presumably to amacrine cells, based on nucleus size,
and location of the β-galactoside staining. I performed scotopic electroretinogram
(ERG) recordings to study a possible effect on the rod pathway. The a-wave did not
differ significantly between wild-type and Cx30.2 deficient mice. However the b-wave
threshold was lower in Cx30.2-deficient than in wild-type mice, there differences were
not significant (not shown). This analysis indicated that Cx30.2 is not involved in the
pathways generating the b-wave. Since the b-wave is principally caused by the
depolarization of bipolar cells (Steinberg et al., 1991; Masu et al., 1995), I excluded
that Cx30.2 plays a role in the rod pathway.
Since fluorescent assays have been developed for β-galactoside, I labeled the β –
gal-positive neurons in Cx30.2lacZ/+ and Cx30.2lacZ/lacZ mice using the fluorogenic
substrate fluorescein digalactoside (FDG). This method labeled a big subset of
neurons and this subset included cells of different types. These types did not vary
between retinae. In the GCL, I characterized six different types of ganglion cells
expressing Cx30.2. Tracer experiments showed coupling in two types of ganglion
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cells in Cx30.2lacZ/+ mice and a complete absence of coupling in Cx30.2-deficient
mice. The remaining ganglion cell types did not show evidence of tracer spread. This
could be because these cells were injected in heterozygous mice where there is less
Cx30.2 than in the wild type. Interestingly, the bistratified ganglion cell type described
in this work resembles the type two ganglion cells of Schubert et al. (2005b) which is
coupled to other bistratified ganglion cells by Cx45. Our data suggest that these cells
could form heteromeric gap junctions composed by Cx45 and Cx30.2. Schubert et al.
(2005b) observed some residual coupling in Cx45 knockout mice. One possibility
could be that Cx30.2 compensates the lack of Cx45 in bistratified ganglion cells but
not vice versa since in Cx30.2 deficient mice, these ganglion cells did not show any
evidence of tracer spread.

6.4.1 Cx30.2 is expressed in RGA1 cells
Sun et al. (2002a) classified four groups of ganglion cells in the mouse into 14
subtypes. The group of the RGA comprises three different types of neurons, RGA1,
RGA2 inner (ON ganglion cells) and RGA2 outer (OFF ganglion cells). Despite being
classified into two types, ON alpha cells and RGA1 cells share many morphological
similarities. They have the largest somas of all ganglion cell types, their dendritic tree
branch radially, they stratify in the same stratum, and show tracer coupling to
displaced amacrine cells. The main morphological difference is that RGA1 cell
dendrites are more sparsely branched than those of ON alpha cells. Like alpha
ganglion cells, RGA1 morphology is apparently conserved across species, but their
coupling patterns differ across species. ON alpha cells are uncoupled in the rabbit
retina (Hu and Bloomfield, 2003) and RGA1 cells are coupled to amacrine cells and
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ganglion cells in rat retinae (Huxlin and Goodchild, 1997). In the mouse retina, both
cell types are coupled to displaced amacrine cells.
Some authors grouped RGA1 and ON alpha cells as one group, ON alpha cells
(Peichl, 1989; Pang et al., 2003; Majumdar et al., 2007). Contrary to these authors,
our findings suggest that there are important differences between these two types of
neurons. ON alpha cell coupling to amacrine cells is mediated by Cx36 (Völgyi et al.,
2005; Schubert et al., 2005a) whereas RGA1 are coupled to displaced amacrine cells
by Cx30.2 (this study) and not by Cx36, which is consistent with the findings of
Schubert et al. (2005a). I conclude that RGA1 cells express Cx30.2, since the FDG
method labeled RGA1 neurons in all Cx30.2-lacZ mice. Furthermore, these cells were
coupled to numerous amacrine cells with somas in the GCL, and such tracer coupling
is absent in Cx30.2 deficient mice indicating that Cx30.2 mediates this cell-to-cell
communication. Which cell type is the coupling partner of the RGA1 cells? So far, 17
types of displaced amacrine cells have been reported in the mouse retina (Badea
and Nathans, 2004; Lin and Masland, 2006, Pérez de Sevilla et al., 2007). Since
RGA1 neurons stratified in S5 of the IPL, the dendrites of the possible partner should
be in the same layer. So far, 6 types have been identified as possible partner: A1,
bifid, MA-S5, MA-S1/S5, PA-S5 and a multistratified cell type (Badea and Nathans,
2004; Pérez de Sevilla et al., 2007).

6.4.2 Gap junction protein of the displaced amacrine cells
My data strongly suggest that the RGA1 cells are coupled to displaced amacrine cells
by heterotypic gap junctions involving Cx30.2 and a yet unidentified connexin. The
displaced amacrine cells did not express Cx30.2, since the FDG signal was not
observed in the coupled cells. Furthermore, no FDG-labeled displaced amacrine cells
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were observed during the FDG incubation, excluding the possibility that the FDG
signal leaked out of the cells. I never observed labeled displaced amacrine cells in
the Cx30.2 transgenic mice. Since the FDG assay has been shown to label displaced
amacrine cells in other mouse lines (Nirenberg and Meister, 1997), I excluded that
Cx30.2 is expressed by these amacrine cells. Injections with Neurobiotin in Cx36 and Cx45-deficient mice showed tracer coupling in the RGA1 neurons confirming that
the displaced amacrine cells do not express Cx36 or Cx45.
Gap junctions are not the only mechanism for communication between neurons in the
retina. Recently, a new family of proteins, pannexins has been described. These
proteins share many characteristics with connexins and are abundant in the mouse
retina (Panchin, 2005; Ray et al., 2005; Dvoriantchikova et al., 2006). First, we
though that pannexins, as a new class of proteins that may form gap junctions, could
be the protein of the displaced amacrine cells but, contrary to this idea, new studies
demonstrated that pannexins contains a glycosylation site at the extracellular loop,
making them unlikely to form gap junctions (Boassa et al., 2007; Penuela et al.,
2007). It seems that pannexins may play a role as hemichannels.
Another hypothesis is that an unknown family of proteins exists which forms gap
junctions in vertebrate retinae (Shestopalov and Panchin, 2008).

50

Electrical synapses: Cellular morphology and identification of connexins in the
mouse retina

7. Publications
7.1. Luis Pérez de Sevilla Müller, Jennifer Shelley, and Reto Weiler (2007).
Displaced amacrine cells of the mouse retina. J Comp Neurol 505:177-189.

51

THE JOURNAL OF COMPARATIVE NEUROLOGY 505:177–189 (2007)

Displaced Amacrine Cells of the Mouse
Retina
LUIS PÉREZ DE SEVILLA MÜLLER, JENNIFER SHELLEY, AND RETO WEILER*
Department of Neurobiology, University of Oldenburg, D-26111 Oldenburg, Germany

ABSTRACT
The aim of this study was to characterize and classify the displaced amacrine cells in the
mouse retina. Amacrine cells in the ganglion cell layer were injected with ﬂuorescent dyes in
ﬂat-mounted retinas. Dye-ﬁlled displaced amacrine cells were classiﬁed according to dendritic ﬁeld size, horizontal and vertical stratiﬁcation patterns, and general morphology. We
identiﬁed 10 different morphological types of displaced amacrine cell. Six of the cell types
identiﬁed here are novel cell types that have not been described previously in the mouse
retina, to the best of our knowledge. The displaced amacrine cells included four types of
medium-ﬁeld cells, with dendritic ﬁeld diameters of 200 –500 m, and six types of wide-ﬁeld
cells, with dendritic ﬁelds extending over 500 m. Narrow-ﬁeld displaced amacrine cells, with
dendritic ﬁeld diameters smaller than 200 m, were not encountered. The most frequently
labeled displaced amacrine cell type was the starburst amacrine cell. At least three cell types
identiﬁed here have nondisplaced counterparts in the inner nuclear layer as well. Displaced
amacrine cells display a rich variety of stratiﬁcation and branching patterns, which surely
reﬂect the wide range of their functional roles in the processing of visual signals in the inner
retina. J. Comp. Neurol. 505:177–189, 2007. © 2007 Wiley-Liss, Inc.
Indexing terms: retina; displaced amacrine cell; mouse; morphology; dye injection

Amacrine cells play an important role in processing of
visual information in the inner retina. These neurons
make inhibitory synapses onto bipolar and ganglion cells
in the inner plexiform layer (IPL), modulating the spatial
and temporal properties of the visual signals passed from
bipolar cells to ganglion cells. Amacrine cells vary widely
in morphology and function (Massey and Redburn, 1987;
Vaney, 1990; Strettoi and Masland, 1996; Masland, 2001)
and can have complex neurochemical signatures, expressing either GABA or glycine, along with acetylcholine or
other neuropeptides (Marc et al., 1995). The main division
into GABAergic and glycinergic cells is often correlated
with dendritic ﬁeld size (Vaney, 1990; Wässle and Boycott,
1991).
The cell bodies of amacrine cells can be located in the
inner nuclear layer (INL) or in the ganglion cell layer
(GCL): amacrine cells located in the GCL are termed displaced amacrine cells. Displaced amacrine cells can easily
be distinguished from ganglion cells by their small soma
and their lack of an axon that projects to the brain. The
ﬁrst evidence that the small cells in the GCL are neurons
and not glia cells was presented by Hughes and WieniawaNarkiewicz (1980) for the cat retina. Since then, the morphology and branching patterns of displaced amacrine cell
types have begun to be examined: six types of displaced
amacrine cell have been identiﬁed in the rat retina (Perry
© 2007 WILEY-LISS, INC.

and Walker, 1980), 11 types in the guinea pig (Kao and
Sterling, 2006), and four types in the cat retina (Wässle et
al., 1987a).
So far, 11 types of displaced amacrine cell have been
identiﬁed in the mouse retina (Gustincich et al., 1997;
Badea and Nathans, 2004; Lin and Masland, 2006). However, most of these cell types were identiﬁed by using
transgenic approaches, which may not reveal every cell
type that is present in wild-type mice. Displaced amacrine
cells make up about 59% of the somata within the mouse
GCL (Jeon et al., 1998); because 20 – 40 different types of
amacrine cell are thought to exist in the vertebrate retina
(Massey and Redburn, 1987; Vaney, 1990; Strettoi and
Masland, 1996; Masland, 2001), it is likely that many
displaced amacrine cell types have been overlooked. With
the growing prominence of transgenic mice in retinal re-
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search, a better understanding of mouse retinal architecture is essential.
The aim of this study was to characterize and classify
the displaced amacrine cells in the mouse retina. A wide
range of techniques is available for visualizing retinal
neurons. To identify as many cells as possible, we combined two approaches: 1) random dye injection of amacrine cells in the GCL of wild-type retinas and 2) targeted
dye injection of amacrine cells in the GCL of transgenic
mice in which distinct populations of cells are labeled with
green ﬂuorescent protein (EGFP). Displaced amacrine
cells were then classiﬁed according to their dendritic ﬁeld
size, horizontal and vertical branching patterns, and general morphology. The stratiﬁcation depth of the amacrine
cell processes within the IPL was determined by immunohistochemical labeling of the two plexi of cholinergic starburst amacrine cells, which visually deﬁne the ﬁve layers
of the IPL.
We identiﬁed 10 different types of displaced amacrine
cell. Four of these cell types were characterized as
medium-ﬁeld, since their dendritic ﬁelds had diameters of
200 –500 m. Among the four medium-ﬁeld amacrine cell
types, three types were monostratiﬁed, including the starburst amacrine cell, and one type was bistratiﬁed. The
remaining six displaced amacrine cell types were deﬁned
as wide-ﬁeld, with dendritic ﬁelds extending over 500 m.
Wide-ﬁeld amacrine cells included ﬁve types of monostratiﬁed and one type of multistratiﬁed cell. Four displaced amacrine cell types identiﬁed in this study closely
resemble amacrine cells described previously for other
mammalian retinas (Perry and Walker, 1980; Vaney et
al., 1981; Kolb et al., 1981; Wässle et al., 1987a,b; Famiglietti 1992b), indicating common functional roles. Six of the
cell types identiﬁed here are novel cell types that have not
been described previously in the mouse retina. In addition
to these six cell types, 11 displaced amacrine cell types
have been described previously in studies using transgenic mouse models (Gustincich et al., 1997; Badea and
Nathans, 2004; Lin and Masland, 2006). Thus, different
methods appear to reveal different cell types selectively,
and the present catalog of 17 displaced amacrine cells
types might not yet be complete. Nevertheless, this study
provides a basic anatomical reference for future functional
studies of displaced amacrine cells in the mouse retina.

MATERIALS AND METHODS
Preparation
Animals were handled in accordance with institutional
guidelines for animal welfare. Adult C57/Bl6 and Cx45EGFP (Maxeiner et al., 2005) mice were killed by cervical
dislocation. Retinas were removed and mounted photoreceptor side down on black ﬁlter paper (Millipore Corporation, Bedford, MA). Retinas were then incubated at room
temperature in mouse Ringer, which contained (in mM):
137 NaCl, 5.4 KCl, 1.8 CaCl2 䡠 2 H2O, 1 MgCl2 䡠 6 H2O, 5
HEPES, and 10 glucose, adjusted to pH 7.4 with 0.1 N
NaOH.

Intracellular injections
The methods for intracellular injections have been described previously (Schubert et al., 2005). Brieﬂy, borosilicate glass electrodes (Hilgenberg GmbH, Malsfeld, Germany) were ﬁlled with 4% N-(2-aminoethyl-)-biotinamide

hydrochloride (Neurobiotin; Vector Laboratories, Burlingame, CA) and either 0.5% Lucifer yellow (Sigma, St.
Louis, MO) or Alexa Fluor 594 (Molecular Probes, Eugene,
OR) dissolved in Tris buffer (pH 7.4 –7.5), with typical
resistances between 170 and 300 M⍀. For random injection of displaced amacrine cells in wild-type retinas, cell
bodies in the GCL were visualized with acridine orange (1
M; Sigma, St. Louis, MO) under a ⫻40 water-immersion
objective. For targeted injection in Cx45-EGFP retinas,
the EGFP signal was used to target amacrine cells in the
GCL. Lucifer yellow or Alexa Fluor 594 was iontophoresed
with negative current of 1 nA (750 msec at 1 Hz); as soon
as the dendritic morphology of the cell became visible, the
direction of the current was reversed to inject positively
charged Neurobiotin molecules. After the ﬁnal injection,
which lasted for 2–3 minutes, the retina remained for at
least 30 minutes in the recording chamber, allowing diffusion of Neurobiotin. Retinas were then ﬁxed in 4% paraformaldehyde for 10 minutes and washed for at least 30
minutes in 0.1 M phosphate buffer (PB), pH 7.4. Neurobiotin was visualized by incubating injected retinas overnight with streptavidin-indocarbocyanine (Cy3; Jackson
Immunoresearch, West Grove, PA; dilution 1:500), in 0.1
M PB containing 0.3% Triton X-100 (Sigma). Retinas were
mounted in Vectashield (Vector Laboratories, Burlingame, CA) and stored in the dark at 4°C.

Immunohistochemistry and confocal
microscopy
After cell injection and ﬁxation, retinas were labeled
with polyclonal goat antibodies raised against human placental choline acetyltransferase (ChAT; 1:100; No.
AB144P; Chemicon International, Temecula, CA). The antiserum stains a single band of 68 –70 kD molecular
weight in Western blot (manufacturer’s technical information). Anti-ChAT antibodies label the dendritic processes
of starburst amacrine cells in layers S2 and S4 of the IPL
(Haverkamp and Wässle, 2000; Schubert et al., 2005),
allowing visualization of the ON and OFF sublaminae of
the IPL. In addition, rabbit anti-␥aminobutyric acid
(GABA; 1:100; raised in rabbit against GABA coupled to
porcine thyroglobin; kindly donated by D. Pow, University
of Newcastle, Australia; Pow et al., 1995) and rat antiglycine antibodies (1:1,000; raised in rat against glycine coupled to porcine thyroglobin; kindly donated by D. Pow;
Pow et al., 1995) were used to determine the neurotransmitter expression of amacrine cells in the GCL. Speciﬁcity
of the GABA and glycine antibodies was tested previously
and has been explained in detail by Pow et al. (1995).
Brieﬂy, speciﬁcity was tested by using immunoblotting
against the same amino acid-paraformaldehydethyroglobulin conjugates used to immunize the animals:
both antibodies labeled blots containing conjugates of the
appropriate amino acid (Pow et al., 1995). All antibodies
employed in this study have been used previously on
paraformaldehyde-ﬁxed tissue; our results are identical to
those previously reported (Haverkamp and Wässle, 2000;
Schubert et al., 2005).
Retinas were blocked with donkey serum diluted 1:15 in
PB with 0.3% Triton X-100 and incubated overnight at
4°C. Retinas were then incubated for 1 week in primary
antibodies (diluted as noted in PB with 0.1% NaN3),
washed several times in PB, and incubated overnight at
4°C in the corresponding secondary antibodies: donkey
anti-goat Cy3 (1:500; Jackson Immunoresearch; catalog
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TABLE 1. Overview of the Classiﬁcation of the Displaced Amacrine Cells
Medium-ﬁeld
Cell type
Soma diameter
Dendritic ﬁeld diameter
Cells injected

Wide-ﬁeld

MA-S1

Starburst

MA-S5

MA-S1/S5

WA-S1

WA-S3

A17

PA-S1

PA-S5

Multi-stratiﬁed

7.5 ⫾ 1.2
219 ⫾ 21
4

8.3 ⫾ 1.8
279 ⫾ 39
87

7.7 ⫾ 0.8
350 ⫾ 2
6

7.1
283
1

7.8 ⫾ 0.5
1250 ⫾ 560
12

8.0 ⫾ 0.8
1510 ⫾ 850
4

11.8 ⫾ 0.7
878 ⫾ 285
4

12.0 ⫾ 0.2
737 ⫾ 122
2

9.5 ⫾ 0.5
1072 ⫾ 220
8

10.0 ⫾ 1.7
2210 ⫾ 240
3

No. 705-095-003), goat anti-rat Cy3 (1:500; Dianova,
Karlsruhe, Germany; catalog No. 81-9515), or donkey
anti-rabbit Cy3 (1:500; Jackson Immunoresearch; catalog
No. 711-165-152). Retinas were then washed in PB and
mounted in Vectashield. Images were taken with a Leica
TCS SL confocal microscope with a ⫻40 oil-immersion
objective. Intensity and contrast of the ﬁnal images were
adjusted in Adobe Photoshop 7.0.

RESULTS
Morphological classiﬁcation of displaced
amacrine cell types
To characterize and classify mouse displaced amacrine
cells, we injected amacrine cells in the GCL with Lucifer
yellow and Neurobiotin. Dendritic stratiﬁcation was determined by labeling with anti-ChAT antibodies, which
visually deﬁne the ﬁve strata of the IPL. Over 400 displaced amacrine cells were ﬁlled in the course of this
study. Among these, 131 met the criterion of complete
labeling, established by the appearance of terminal dendritic tips, and were used for analysis. We created a morphological catalog of the injected displaced amacrine cells
by using three primary parameters: 1) dendritic ﬁeld size,
2) depth of stratiﬁcation in the IPL, and 3) branching
pattern of the dendrites. With these criteria, we identiﬁed
10 types of displaced amacrine cell in the mouse retina.
Nine of these cell types were found in the wild-type retina,
whereas one type, the A17 cell, was so rare that it was
encountered only with targeted injection of EGFP-labeled
neurons in a transgenic mouse line. In general, the size
and depth of stratiﬁcation of the dendritic arbor were
sufﬁcient to separate cells into distinct types.
Table 1 gives an overview of the classiﬁcation of the
displaced amacrine cells identiﬁed in this study. Displaced
amacrine cells were divided into two groups according to
their dendritic ﬁeld size: medium-ﬁeld cells, with dendritic ﬁeld diameters ranging from 200 to 500 m, and
wide-ﬁeld cells, with dendritic ﬁelds larger than 500 m.
Most amacrine cells injected in the GCL had round or
oblong dendritic ﬁelds, although some wide-ﬁeld amacrine
cells with asymmetric dendritic ﬁelds were observed. With
the exception of the A17 cell and one type of polyaxonal
amacrine cell, the somata of the displaced amacrine cells
were small, ranging in diameter from 7 to 10 m. Novel
cell types were named according to the IPL strata in which
their dendrites branched.

Medium-ﬁeld displaced amacrine cells
Cells with dendritic ﬁeld diameters of 200 –500 m were
deﬁned as medium-ﬁeld amacrine cells (MA). These cells
were divided into four types based on stratiﬁcation depth
within the IPL (Fig. 1). Three of these cell types, including
the starburst amacrine cell, were monostratiﬁed, and one
type was bistratiﬁed.

MA-S1 cells made up 3% of the displaced amacrine cells
encountered in this study. A typical cell of this type can be
seen in Figure 1b. The dendritic arborization of this cell is
approximately 220 m across and has an asymmetric,
though dense and space-ﬁlling branching pattern. The
dendrites of this cell type stratify in layer S1 of the IPL
(Fig. 1a,c) and do not have dendritic spines. The round cell
body is small, averaging 7.5 ⫾ 1.2 m in diameter (n ⫽ 4).
The distinctive morphology of these neurons was consistent from cell to cell.
Starburst amacrine cells are found in every vertebrate
class and are easily recognized by their distinctive morphology (for review see Masland and Tauchi, 1986). These
highly symmetrical cells have six or more primary dendrites that project radially from the soma, branching progressively with distance from the soma (Fig. 1e). Starburst
cells have round or ovoid dendritic arbors of 279 ⫾ 39 m
diameter (n ⫽ 87), which stratify in layer S4 of the IPL
(Fig. 1d,f). The cell body has a mean diameter of 8.3 ⫾ 1.8
m. We found starburst amacrine cells to be the predominant amacrine cell type in the GCL; 66% of the cells
injected in this study were starburst amacrine cells. Displaced starburst cells are ON cells, and their OFF counterparts have cell bodies located in the INL and stratify in
layer S2.
Monostratiﬁed MA-S5 cells made up approximately 5%
of the cells injected in this study. An example of this cell
type is illustrated in Figure 1h. The MA-S5 cell has a
disorganized, asymmetric dendritic ﬁeld of 350 ⫾ 2 m
diameter (n ⫽ 6), which ramiﬁes in layer S5 of the IPL
(Fig. 1g,i). Most of the dendrites occupy the same semicircle of space and arise from two to three primary dendrites.
These primary dendrites protrude from opposite sides of
the cell body and are quite long, although their branches
are short and sparse. The dendrites of these cells are
covered in prominent varicosities. MA-S5 cell somata have
diameters of 7.7 ⫾ 0.8 m.
The MA-S1/S5 cell was the only type of bistratiﬁed
amacrine cell that we found in the GCL. This cell type
appears to be exceptionally rare: we encountered only one
MA-S1/S5 cell in the course of this study. The morphology
of this cell type can be seen in Figures 1k and 2. This cell
has two narrowly stratiﬁed, asymmetric dendritic arbors
located in layers S1 and S5 of the IPL (Fig. 1j,l, 2). The
dendritic ﬁeld of this cell extends approximately 283 m
and has a dense and chaotic branching pattern. The dendritic branches in the ON and OFF layers are shown
separately in Figure 2.

Wide-ﬁeld displaced amacrine cells
Wide-ﬁeld amacrine cells (WA) have dendritic ﬁelds
larger than 500 m (Kolb, 1982; Masland, 1988). We identiﬁed six types of displaced WA, classiﬁed according to
their stratiﬁcation patterns in the IPL. Five of these cell
types were monostratiﬁed, including two types of polyax-
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L. PÉREZ DE SEVILLA MÜLLER ET AL.

Figure 1
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onal amacrine cell, and one type was multistratiﬁed
(Fig. 3).
The WA-S1 has a distinctive bow tie shape, with three
to ﬁve unbranched dendrites projecting from either side of
its round soma (Fig. 3b). The dendrites are long and
straight, covering a distance of up to 1 mm, and stratify in
layer S1 of the IPL (Fig. 3a,c). These cells have a soma
diameter of 7.8 ⫾ 0.5 m (n ⫽ 12). The WA-S1 cell has
been described previously from other species (Gallego,
1971; Perry and Walker, 1980; Wässle et al., 1987b). As
with starburst amacrine cells, WA-S1 cells also have nondisplaced counterparts in the INL (Perry and Walker,
1980; Wässle et al., 1987b; MacNeil and Masland, 1998).
The WA-S3 was the second type of monostratiﬁed wideﬁeld amacrine cell identiﬁed in this study. An example of
this cell type can be seen in Figure 3e. This cell has a
round dendritic ﬁeld, which stratiﬁes in layer S3 of the
IPL (Fig. 3d,f). The dendrites of this amacrine cell are
largely unbranched and project radially from the cell body,
extending for 1.51 ⫾ 0.85 mm. Prominent varicosities are
present on the entire length of the dendrites.
In the Cx45-EGFP mouse retina, distinct populations of
cells are labeled with EGFP (Maxeiner et al., 2005). We
injected somata in the GCL of these retinas and found that
the EGFP-positive amacrine cells were displaced A17
cells. One such cell can be seen in Figure 3h. This cell has
a dense dendritic ﬁeld, which stratiﬁes in layer S5 of the
IPL (Fig. 3g,i). The dendrites of this cell extend radially
from the cell body and are covered in prominent varicosities. Because of their low density, these highly conserved
cells were not encountered in the wild-type retina (see
Discussion).
We found only one type of multistratiﬁed WA in the
GCL. A prominent characteristic of this cell is its kinky
dendrites, which make several sharp turns before ending
approximately 2 mm from the soma (Fig. 3k). The dendrites of this cell do not ﬁll out the region of arborization;
branching is infrequent but dramatic, often at angles
larger than 90°. This cell has some long dendrites that
stratify in layer S5 of the IPL, whereas shorter dendrites

Fig. 1. Examples of the branching and stratiﬁcation patterns of
the medium-ﬁeld displaced amacrine cells in the mouse retina. A: Illustration of the stratiﬁcation of the MA-S1 cell. These rare monostratiﬁed medium-ﬁeld displaced amacrine cells stratify in layer S1 of
the inner plexiform layer and have asymmetric, densely branched
dendrites. B: Confocal image of an MA-S1 cell injected with Neurobiotin, showing the dendritic branching pattern in tangential view.
C: Confocal image of an MA-S1 cell injected with Neurobiotin (red)
and counterstained with ChAT antibodies (green) to indicate stratiﬁcation depth; this image shows the stratiﬁcation pattern of the MA-S1
cell in radial view. D: Illustration of the stratiﬁcation of the starburst
amacrine cell. These widely conserved medium-ﬁeld cells are highly
symmetrical, with six or more primary dendrites projecting radially
from the soma and stratifying in layer S4 of the inner plexiform layer.
E,F: Confocal image of a starburst amacrine cell in tangential (E) and
radial (F) views. G: Illustration of the stratiﬁcation of the MA-S5 cell.
These cells have asymmetric dendritic ﬁelds, which stratify in layer
S5 of the inner plexiform layer. Most of the dendrites carve out an
approximate semicircle and branch off from two or three primary
dendrites. H,I: Confocal image of a MA-S5 cell in tangential (H) and
radial (I) views. J: Illustration of the stratiﬁcation of the MA-S1/S5
cell. These bistratiﬁed cells have densely branching dendrites that
stratify in layers S1 and S5 of the inner plexiform layer. K,L: Confocal
image of a MA-S1/S5 cell in tangential (K) and radial (L) views. Scale
bar ⫽ 40 m.
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extend into layers S1, S2, and S3 (Fig. 3j,l). The soma of
this cell is small and round, with a diameter of 10 ⫾ 1.7
m (n ⫽ 3).
Polyaxonal (PA) amacrine cells have between one and
six branching, axon-like processes that project from the
cell body or from the dendrites near the cell body. These
ﬁne processes maintain a uniform thickness and branch
dramatically at right angles (Famiglietti, 1992a,b). Six
physiologically distinct PA amacrine cells have been identiﬁed in the rabbit retina (Völgyi et al., 2001), and several
morphological types exist in the mouse retina as well (Lin
and Masland, 2006).
PA-S1 cells have the largest somata of all displaced
amacrine cells identiﬁed in this study, with a diameter of
12.0 ⫾ 0.2 m (n ⫽ 2). This cell type has an asymmetric
dendritic ﬁeld with a diameter of approximately 740 m.
The dendrites leave the cell body in layer S5, where the
dendrites branch off from the axon-like processes. Both
dendrites and axon-like processes terminate in layer S1
(Fig. 4a,c). The thin dendrites of this amacrine cell are
sparse and somewhat wavy and display the right-angled
branch points described previously (Fig. 4b,d; Famiglietti,
1992a,b).
PA-S5 cells have a few large dendrites, which extend
approximately 1 mm and stratify in layer S5 of the IPL
(Fig. 4e,g). This amacrine cell has thick and comparatively
straight axon-like processes that are decorated with prominent varicosities (Fig. 4f). The dendrites of this cell are
sparsely branched and asymmetrical (Fig. 4h). This cell
type has a round soma with a diameter of 9.5 ⫾ 0.5 m
(n ⫽ 8). The PA-S5 cell is similar to the displaced PA2 cell
reported for the rabbit retina (Famiglietti 1981, 1992b).

Neurotransmitter expression
Amacrine cells are the major inhibitory neurons in the
mammalian retina, and they can use either GABA or
glycine for neurotransmission (for review see Vaney, 1990;
Wässle and Boycott, 1991). We used antibodies against
GABA and glycine to determine which neurotransmitter
is expressed in amacrine cells in the GCL. Antibodies
against GABA produced a uniform distribution of labeled
somata in the GCL (n ⫽ 2; Fig. 5a). Because ganglion cells
typically do not express GABA (see, e.g., Watt et al., 1994;
Zhang et al., 2004), these GABA-positive cells were probably displaced amacrine cells. Very few cells in the GCL
were labeled with antibodies against glycine (n ⫽ 3; Fig.
5b). The small number of glycine-immunoreactive cell bodies in the GCL was not a result of technical errors, because
numerous cell bodies in the INL were strongly labeled (not
shown). This ﬁnding suggests that most, if not all, displaced amacrine cells use GABA as their neurotransmitter. Similar ﬁndings have been reported in other species
(Wässle et al., 1987a; Kao and Sterling, 2006).

DISCUSSION
Displaced amacrine cells make up one-third to twothirds of all neurons in the GCL (Perry and Walker, 1980;
Hughes and Vaney, 1980; Hughes and WieniawaNarkiewicz, 1980; Linden and Esbérard, 1987; Abreu et
al., 1993; Jeon et al., 1998) and comprise several different
cell types (Perry and Walker, 1980; Wässle et al., 1987a;
Völgyi et al., 2001; Badea and Nathans, 2004; Kao and
Sterling, 2006). Although morphological and electrophysiological studies in some species have made progress to-
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ward understanding the roles of displaced amacrine cells
(e.g., Menger and Wässle, 2000; Völgyi et al., 2001;
Aboelela and Robinson, 2004), similar efforts in mouse
have just begun (Badea and Nathans, 2004; Lin and Masland, 2006). In this study, we identify 10 morphologically
distinct types of displaced amacrine cell in the mouse
retina, which include medium- and wide-ﬁeld cells (Fig. 6);
six of these cell types have not been described previously
for the mouse.

Methodological considerations
Several different cell labeling techniques have been
used to examine displaced amacrine cells. Early classiﬁcation studies applied Golgi staining (turtle: Kolb, 1982;
cat: Wässle et al., 1987a; rabbit: Famiglietti 1992a,b); this
method labels a small number of neurons in their entirety
but provides no quantitative information. More recently,
photoﬁlling (MacNeil et al., 1999) and tracer injection
(Völgyi et al., 2001) techniques, as well as immunolabeling
combined with tracer injection (Kao and Sterling, 2003),
have been used to examine displaced amacrine cells. In
contrast to the Golgi method, these techniques allow estimation of population size (see MacNeil et al., 1999). In the
present study, we combined two approaches to classify
displaced amacrine cells in the mouse retina: we randomly
injected amacrine cells in the GCL of wild-type retinas,
and we methodically injected EGFP-labeled amacrine
cells in transgenic mice (connexin45-expressing cells; see
Maxeiner et al., 2005). Targeted injection in the EGFP
mouse line revealed only one cell type that was not found
by random injection in the wild-type retina: the highly
conserved A17 cell. Whereas nondisplaced A17 cells form
a highly packed mosaic, displaced A17 cells are much less
numerous (approximately 3 cells/mm2: this study, data
not shown; Sandell and Masland, 1986); our failure to
encounter this cell type in the wild-type retina is probably
a reﬂection of this low cell density.

Fig. 2. Confocal images of a bistratiﬁed MA-S1/S5 cell. The upper
panel is a stack showing all dendrites in tangential view. The lower
two panels show the dendritic arborizations in the ON and OFF layers
separately. Scale bar ⫽ 40 m.
Fig. 3. Examples of the branching and stratiﬁcation patterns of
four types of wide-ﬁeld displaced amacrine cell. A: Illustration of the
stratiﬁcation of the WA-S1 cell. These distinctive wide-ﬁeld cells have
long, straight dendrites extending from either side of the cell body and
stratifying in layer S1 of the inner plexiform layer. B: Confocal image
of an WA-S1 cell injected with Neurobiotin, showing the dendritic
branching pattern in tangential view. C: Confocal image of an WA-S1
cell injected with Neurobiotin (red) and counterstained with ChAT
antibodies (green) to indicate stratiﬁcation depth; this image shows
the stratiﬁcation pattern of the WA-S1 cell in radial view. D: Illustration of the stratiﬁcation of the WA-S3 cell. These wide-ﬁeld cells
have sparsely branched asymmetrical dendrites that ramify in layer
S3 of the inner plexiform layer. E,F: Confocal image of a WA-S3 cell
in tangential (E) and radial (F) views. G: Illustration of the stratiﬁcation of the A17 cell. These cells were found in retinas of Cx45-EGFP
mice, in which some neuron populations are labeled with EGFP (Maxeiner et al., 2005). This highly conserved cell stratiﬁes in layer S5 of
the inner plexiform layer. H,I: Confocal image of a A17 cell in tangential (H) and radial (I) views. J: Illustration of the stratiﬁcation of
the multistratiﬁed WA cell. These wide-ﬁeld cells have several long,
dramatically branching dendrites, which stratify in layer S5 of the
inner plexiform layer, and shorter dendrites, which extend into layers
S1, S2, and S3. K,L: Confocal image of a multistratiﬁed WA cell in
tangential (K) and radial (L) views. Scale bar ⫽ 40 m.
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L. PÉREZ DE SEVILLA MÜLLER ET AL.

Fig. 4. Examples of the branching and stratiﬁcation patterns of
polyaxonal displaced amacrine cells. A: Illustration of the stratiﬁcation of the PA-S1 cell. These polyaxonal cells have asymmetric dendrites, which leave the cell body in layer S5, where they extend
before turning upward and ending in S1 of the inner plexiform
layer. B,C: Confocal image of a PA-S1 cell in tangential (B) and radial
(C) views. D: Illustration of the dendritic (black) and axon-like pro-

cesses (red) of the PA-S1 cell. E: Illustration of the stratiﬁcation of the
PA-S5 cell. These polyaxonal cells have sparsely branched, asymmetric dendrites, which stratify in layer S5 of the inner plexiform layer.
F,G: Confocal image of a PA-S5 cell in tangential (F) and radial (G)
views. H: Illustration of the dendritic (black) and axon-like processes
(red) of the PA-S5 cell. Scale bars ⫽ 40 m in B (applies to B,C); 40 m
in F (applies to F,G); 100 m in D; 200 m in H.

How do our results compare with previous studies of
displaced amacrine cells in the mouse? Six of the cells
identiﬁed here have not been described previously in the
mouse: MA-S1, MA-S1/S5, WA-S3, PA-S1, displaced A17,
and multistratiﬁed WA. Starburst amacrine cells have
been described extensively in several species, including

mouse (see, e.g., Masland and Tauchi, 1986; Menger and
Wässle, 2000; Petit-Jacques et al., 2005). The MA-S5 cell
may correspond to the displaced cluster 3 cells described
by Badea and Nathans (2004). The WA-S1 cell was reported recently by Lin and Masland (2006). Our PA-S5 cell
may correspond to the WA4-1 cell of Lin and Masland
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Fig. 5. Neurotransmitter expression in the ganglion cell layer of the mouse retina. A: Large numbers
of cells are immunoreactive for GABA in the ganglion cell layer; these cells are presumably displaced
amacrine cells, because ganglion cells do not show GABA immunoreactivity. In comparison, glycine
immunoreactivity is rare in cell bodies in the ganglion cell layer (B). Scale bar ⫽ 40 m.

(2006); the morphology is quite similar, although we disagree regarding the cell’s stratiﬁcation. This disagreement could arise from differences in interpretation: Lin
and Masland (2006) did not use any marker to label the
strata of the IPL and thus could make stratiﬁcation assignments only “with some conﬁdence”; in addition, we
deﬁne stratiﬁcation as the level at which the dendrites
terminate, whereas Lin and Masland (2006) might have
looked at the average depth over the length of the dendrites, as was done by Badea and Nathans (2004). However, it is also possible that Lin and Masland’s (2006)
WA4-1 and our PA-S5 cell are two different cell types with
similar morphologies.
Six displaced amacrine cell types identiﬁed in transgenic mouse strains by Badea and Nathans (2004) were
not found in the present study: A1-1, A1-2, cluster 1,
cluster 4, biﬁd, and giant amacrine cells. In addition,
Gustincich et al. (1997) reported a displaced catecholaminergic cell in the mouse retina that stratiﬁes in
S3. These discrepancies highlight the importance of comparing the results of several methodological approaches
when classifying retinal cell types. Neither our dye injection technique nor the transgenic approaches used by
Badea and Nathans (2004) and Lin and Masland (2006)
can be certain of ﬁnding every cell type. When injecting
cells, the experimenter may be biased against some cell
types. For example, to avoid ﬁlling ganglion cells, we
injected cells with small cell bodies; therefore, it is possible that we overlooked displaced amacrine cells with large
cell bodies. In addition, cells present in low numbers may
be missed with this technique. On the other hand, studies
using transgenic mouse lines cannot be certain that every
type of cell is labeled by the genetic marker, because this
labeling is neither targeted nor speciﬁc (Feng et al., 2000;

Badea et al., 2003). The mouse line used by Lin and
Masland (2006) showed highly variable reporter expression between transgenic lines that were generated using
the same construct (Feng et al., 2000). Therefore, the most
complete catalog of cell types must include data from
several studies using multiple techniques. At present, 17
types of displaced amacrine cells have been identiﬁed in
the mouse retina (Table 2; Gustincich et al., 1997; Badea
and Nathans, 2004; Lin and Masland, 2006; present
study).

Displaced amacrine cells in the mouse
compared with other species
Although displaced amacrine cells have been found in
almost all vertebrate retinas, the proportions of GCL neurons that are amacrine cells differs from species to species.
Displaced amacrine cells make up approximately onethird of the somata in the GCL in rabbit retina (Hughes
and Vaney, 1980; Vaney, 1980) and salamander retina
(Zhang et al., 2004); 40% in hamster retina (Linden and
Esbérard, 1987); 50% in rat retina (Perry and Walker,
1980), guinea pig retina (Kao and Sterling, 2006), and
ground squirrel retina (Abreu et al., 1993); and 75– 80% in
peripheral cat retina (Hughes and Wieniawa-Narkiewicz,
1980; Wässle et al., 1987a) and human retina (Curcio and
Allen, 1990). In the mouse retina, displaced amacrine cells
make up 59% of the neurons in the GCL (Jeon et al., 1998).
Four cell types identiﬁed in this study have been described in other species. The WA-S1 was described by
Gallego (1971) and coincides with the type b wide-ﬁeld
unistratiﬁed amacrine cell in the rat retina (Perry and
Walker, 1980) and the A20 cell in the cat retina (Kolb et
al., 1981; Wässle et al., 1987a,b); WA-S1 may be a subtype
of the turtle A16 cell (Kolb, 1982). This cell type has a
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Fig. 6. Illustrations of the 10 displaced amacrine cell types identiﬁed in this study. The top panel
shows the morphology of each cell type; the bottom panel illustrates the stratiﬁcation depth of each cell
type. Scale bar ⫽ 200 m.
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TABLE 2. Overview of the 17 Displaced Amacrine Cell Types Identiﬁed to
Date in the Mouse Retinas

This study
MA-S1
STARBURST
MA-S5
MA-S1/S5
WA-S1
WA-S3
A17
PA-S1
PA-S5
MULT. WA

Badea and
Nathans (2004)

Lin and
Masland
(2006)

Gustincich et
al. (1997)

STARBURST
CLUSTER 3
WA-1

WA4-1
A1
A1-2
CLUSTER 1
CLUSTER 4
BIFID
GIANT AMACRINE
TYPE 2
CATECHOLAMIN
ERGIC
CELL

counterpart of similar morphology in the INL (rat: Perry
and Walker, 1980; rabbit: MacNeil et al., 1999). The
WA-S1 stratiﬁes in layer S1 of the IPL (this study; Lin and
Masland, 2006), but cells of similar morphology stratify in
other layers: a rat homolog stratiﬁes in the inner part of
the IPL (Perry and Walker, 1980); the biﬁd cell stratiﬁes
in layer S5 (Badea and Nathans, 2004); and cluster 1 cells
stratify in S3 (Badea and Nathans, 2004); we also encountered one such cell stratifying in S3 (not shown). Whether
this diversity in stratiﬁcation reﬂects functionally distinct
cell types is unclear.
The best-characterized displaced amacrine cell is the
starburst amacrine cell (for review see Masland and Tauchi, 1986), which makes up 19.5% of the displaced amacrine cells in the mouse retina (Jeon et al., 1998), 55% in
the guinea pig retina (Kao and Sterling, 2006), and 85% in
the rabbit retina (Vaney et al., 1981). Displaced starburst
amacrine cells stratify in layer S4 of the IPL and are
mirrored by cells of the same type located in the INL,
which ramify in S2. Starburst amacrine cells play an
important role in motion detection: they costratify with
ON/OFF bistratiﬁed ganglion cells (Famiglietti, 1992c;
Vaney and Pow, 2000; Zhang et al., 2005) and provide
these ganglion cells with direction-selective inhibition (for
review see Taylor and Vaney, 2003). This direction selectivity originates in the individual dendritic branches of
the starburst cell: each dendrite is selective for stimuli
that move along the dendrite away from the soma (Euler
et al., 2002). To achieve this direction selectivity, the dendrites of starburst amacrine cells are functionally compartmentalized, whereby differential expression of chloride cotransporters along the length of the dendrite
results in corresponding differential effects of GABA on
membrane potential (Gavrikov et al., 2006).
The A17 cell was ﬁrst described in the cat retina by Kolb
et al. (1981). This cell type also has a counterpart of
identical morphology in the INL (Wässle et al., 1987a).
The displaced A17 cell is described here for the ﬁrst time
in the mouse retina. Both displaced and nondisplaced A17
cells stratify in the innermost layer of the IPL (cat: S4 and
S5, Nelson and Kolb, 1985; rat: S5, Menger and Wässle,
2000). This GABAergic cell is an important component
of the rod pathway: feedback inhibition at the reciprocal
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rod bipolar/A17 cell synapse shapes light responses in
the inner retina (Dong and Hare, 2003), helping to
adjust sensitivity levels over a large area of rod photoreceptors (Nelson and Kolb, 1985) and improve the temporal ﬁdelity of light signals in the inner retina (Singer
and Diamond, 2003; Dong and Hare, 2003). A17 cells
use a unique form of feedback, whereby GABA release is
triggered by calcium inﬂux through AMPA receptors,
activated by glutamate released from rod bipolar cells
(Chavez et al., 2006).
Polyaxonal amacrine cells have also been described previously; this cell class is made up of several physiologically
distinct cell types (Völgyi et al., 2001). The PA-S5 cell
identiﬁed in this study is similar to the PA2 or type III cell
found in the rabbit retina (Famiglietti, 1992b; Völgyi et
al., 2001). One subtype of polyaxonal amacrine cell is
electrically coupled to ON direction-selective ganglion
cells; this coupling synchronizes the activity of neighboring ON direction-selective cells and thus plays a role in
encoding stimulus movement (Ackert et al., 2006). Polyaxonal amacrine cells may also be involved in inhibition of
ganglion cell spiking during rapid global shifts in scenes,
such as during eye movements; this inhibition promotes
detection of objects moving in a stationary scene (Roska
and Werblin, 2003; Ölveczky et al., 2003).

Functional considerations
The presence of displaced amacrine cells in such ancient
species as the Australian lungﬁsh (Bailes et al., 2006)
suggests a fundamental role for this class of cells. Truly
misplaced AII amacrine cells have been reported in the
outermost part of the INL; these cells are much less common than displaced amacrine cells and probably result
from migration errors (Lee et al., 2006). Nevertheless, it is
tempting to speculate on the evolutionary advantage of
displacing some amacrine cell somata to the GCL. Is there
a space problem in the INL? This is unlikely, in that
moving all amacrine cells into the INL would add negligibly to the thickness of this layer. Do displaced amacrine
cells require a certain proximity to ganglion cell somata?
Changes in extracellular potassium concentration at the
ganglion cell axon hillocks could inﬂuence the membrane
potential of nearby displaced amacrine cells, for example,
although this is unlikely, because the axon hillock of each
ganglion cell is insulated by a continuous sheath from
Müller cells (Stone et al., 1995). Whether there is an
additional synaptic layer below the GCL has not been
clariﬁed (Koontz et al., 1989; Koontz, 1993). Do displaced
amacrine cells synapse with ON bipolar cells, whereas
nondisplaced amacrine cells contact OFF cells? This
mirror-image arrangement, exempliﬁed by the starburst
amacrine cells, offers the advantage that the cell body is
closer to the synaptic contacts (Wässle et al., 1987a). However, although this organization may be advantageous for
some cell types, others stratify in the same layer of the IPL
whether their cell bodies are displaced or not. For example, both displaced and nondisplaced A17 cells ramify in
layer S5, where they synapse with rod bipolar cells.
This raises the interesting issue of whether some amacrine cells with cell bodies in the GCL may in fact be
misplaced. Wright and Vaney (1999) described an amacrine cell type that has 98% of its somata in the INL and
2% displaced to the GCL; these displaced cells seem to be
misplaced from the regular array of somata in the INL
(Wright and Vaney, 1999). This may also be the case for
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A17 cells, which are densely packed in the INL and quite
scarce in the GCL. Conversely, some cell types found in
the GCL have not been described in the INL (for example,
MA-S1 and WA-S3) and therefore seem to be intentionally
displaced to the GCL. The OFF starburst amacrine cell is
another example of a cell type intentionally displaced to
the GCL; this population of cells follows a pattern of
development clearly distinct from that of the ON cell population (Knabe et al., 2007).
Several observations suggest that displaced amacrine
cells probably have modulatory roles in visual processing.
Narrow-ﬁeld amacrine cells are thought to be involved in
the direct pathway of information ﬂow, whereas cells with
larger dendritic ﬁelds are modulatory, with an indirect
inﬂuence on information transmission (Masland, 1988);
narrow-ﬁeld amacrine cells are conspicuously absent from
the GCL in the mouse (this study), rat (Perry and Walker,
1980), and cat (Wässle et al., 1987a) retinas. Furthermore,
the majority of displaced amacrine cells are starburst
amacrine cells (this study; Vaney et al., 1981). Thus, although there are many different types of amacrine cell in
the GCL, the cells themselves, aside from the starburst
cells, are rare, again suggesting a modulatory role in visual processing (see Masland, 1988). Evidence supporting
a modulatory role has been provided for polyaxonal amacrine cells, which have been shown to release a number of
neurotransmitters, including dopamine (Dacey, 1990) and
nitric oxide (Perez et al., 1995).
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Abstract
Mammalian B-type horizontal cells make contacts with both photoreceptor types: the
dendrites contact cone photoreceptors, while the axon terminal processes contact rods.
Despite their distinct synaptic contacts, horizontal cell somata and axon terminals
receive a mixture of rod and cone inputs. Interaction of the two photoreceptor systems is
essential for adaptation of photoreceptor sensitivity to different levels of background
illumination, and horizontal cells play a key role in this adaptation. In this study we used
transgenic mouse lines to examine the contributions of rod and cone photoreceptor
inputs to horizontal cell light responses in the mouse retina: rod signals were isolated by
recording intracellularly from horizontal cells in a mouse lacking the cone cyclic
nucleotide-gated channel, which lacks cone function, and cone signals were assessed
using the rhodopsin knock-out mouse, which is a model for pure cone function. We
found that both horizontal cell compartments receive a mixture of inputs from both
photoreceptor types. To determine whether these inputs arrive via the long axon
connecting the compartments or by way of rod-cone gap junctional coupling, we
assessed the rod and cone contributions to horizontal cell somatic and axon terminal
light responses in the connexin36-deficient mouse retina, which lacks rod-cone coupling.
Our results confirm that rods and cones are coupled by connexin36, and suggest that
signal transmission along the axon is unidirectional: signals are passed from horizontal
cell soma to axon terminal but not from axon terminal to soma.
Introduction
Interaction between the rod and cone pathways is extensive: rods and cones are
electrically coupled (Raviola and Gilula, 1973; Smith et al., 1986; Schneeweis and
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Schnapf, 1995; Krizaj et al., 1998; Tsukamoto et al., 2001), and rod signals are funneled
into the cone pathways at several stages in visual processing (reviewed by Völgyi et al.,
2004). This interaction of the two photoreceptor systems is essential for adaptation of
photoreceptor sensitivity to different levels of background illumination. Horizontal cells
play a key role in this adaptation.
Mammalian B-type horizontal cells make synaptic contacts with both photoreceptor
types: the dendrites contact cone photoreceptors, while the axon terminal processes
contact rods (Kolb, 1970, 1974). The horizontal cell soma and axon terminal are
connected by a long axon which is thought to electrically isolate the two compartments.
Nevertheless, rod inputs have been recorded in horizontal cell somata in the cat retina
(Steinberg, 1969a, 1969b, 1969c; Nelson et al., 1975). These rod inputs differed in their
sensitivity from rod inputs recorded from axon terminals; it was therefore argued that
they could not be arriving at the soma via the horizontal cell axon and axon terminal
(Nelson et al., 1975). In addition, Bloomfield and Miller (1982) maintained that if signals
spread from axon terminal to soma, then a slit of light displaced across the retina should
elicit two peaks of activity at the soma; this was not the case (Bloomfield and Miller,
1982). Thus, rod inputs are thought to reach the horizontal cell soma via rod-cone gap
junctions (Nelson et al., 1975). However, while both studies ruled out signal
transmission from axon terminal to soma, the possibility of signal transmission from
soma to axon terminal has never been examined.
This possibility has been difficult to test due to inadequate experimental procedures:
previous studies distinguished rod from cone signals using stimuli of different
wavelengths; however, this method provides only partial signal separation. In this study,
we recorded pure rod and pure cone signals in horizontal cell somata and axon
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901
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terminals using transgenic mice lacking either rod or cone light responses. Rod inputs
were isolated by recording from horizontal cells in the CNGA3 knock-out mouse, which
lacks cone function as a result of deletion of the cone-specific

subunit of the cyclic

nucleotide-gated channel (CNGA3; Biel et al., 1999); and cone signals were assessed in
the rhodopsin knock-out mouse, which is a model for pure cone function (Humphries et
al., 1997; Jaissle et al., 2001). The contribution of rod-cone gap junctions to the
transmission of rod and cone signals to the horizontal cells was examined using
connexin36-deficient mice, in which rod-cone coupling is abolished (Deans et al., 2002).
We found that mouse horizontal cell somata and axon terminals respond to a mixture of
rod and cone inputs. Recordings from connexin36-deficient mice indicated that signal
transduction along the axon is unidirectional: cone signals are passed from horizontal
cell soma to axon terminal.
Methods
Wild-type (C57BL/6 and 129/Sv), CNGA3-/- (129/Sv genetic background; Biel et al.,
1999), Cx36-/- (75% C57BL/6 genetic background; Güldenagel et al., 2001), and
CNGA3-/-/Cx36-/- mice (129/Sv genetic background) aged 5 weeks to 3 months, and
rhodopsin-/- mice (C57BL/6 genetic background; Humphries et al., 1997) aged 4-7
weeks, were used in these experiments. All experiments were carried out in accordance
with the institutional guidelines for animal welfare and the laws on animal
experimentation issued by the German government. Careful attention was paid to the
age of the mice, since photoreceptor deficiencies can cause degeneration of postsynaptic retinal neurons at later stages in development. For example, rhodopsindeficient mice were used at 4-7 weeks of age, since at this age, development is
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complete but cone degeneration has not begun, thus providing an all-cone retina
(Jaissle et al., 2001).
Electrophysiology: intracellular recordings
Preparation Mice were housed under a 12-hour light-dark cycle. Experiments were
begun 6-7 hours after the beginning of the light phase; mice were kept in a dark
chamber for 18-19 hours before sacrifice. The eye was enucleated in ice-cold Ringer’s
solution under dim red light. Three or four small incisions were made into the rim of the
eyecup to facilitate inversion; the eyecup was then inverted onto a plasticine dome,
stabilized with tissue paper, and transferred to the recording chamber. Ringer’s solution,
warmed to 28°C using a heated cannula (MultiChannel Systems, Reutlingen, Germany),
flowed continuously over the preparation from a small needle positioned at the apex of
the inverted eyecup. The stabilizing tissue paper also served to drain the Ringer’s
solution and create a contact to the reference electrode. This configuration facilitated
stable recordings lasting up to 1 hour. Ringer’s solution contained (in mM): 117 NaCl, 3
KCl, 2 CaCl2, 1 MgSO4, 32 NaHCO3, 0.4 NaH2PO4, 15 glucose, 0.1 glutamate, 0.5
ascorbic acid, and was perfused with 95% O2 / 5% CO2 to maintain a pH of 7.4-7.5.
Light stimulation Following preparation, retinas were left to recover and dark adapt for
1 hour. Light stimuli were generated by a 100-W tungsten-halogen lamp, and the
intensity was controlled by a set of neutral density filters (Zeiss, Oberkochen, Germany)
to give a range of 7 log units, with a maximum intensity of 0.32 mW/cm2. For the
experiments, full-field white light flashes of 250 ms duration were presented to the retina
with inter-stimulus intervals of at least 10 seconds.
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Intracellular recordings The procedure for intracellular recordings has been described
(Shelley et al., 2006). Briefly, the membrane potential of the recorded cells was
monitored intracellularly with glass microelectrodes (World Precision Instruments Inc.,
Sarasota, FL) pulled on a custom-made horizontal puller and filled with 3% Neurobiotin
(Vector Laboratories, Burlingame, CA) in 3M KCl. The electrodes had resistances of 80120 M . The amplified signal was recorded with a PowerLab/4SP (AD Instruments) and
stored on a computer for offline analysis. Horizontal cells were identified by their large
hyperpolarizing responses to light stimuli and by their depth in the retina. To prevent
light adaptation, presentation of light flashes during the search for a cell was kept to a
minimum; these test flashes had dim intensities (<0.04 µW/cm2), evoking responses
smaller than 30% of the maximal response amplitude. Intensity-response profiles were
derived from photoresponses elicited by full-field white light of increasing intensity;
normalized response amplitudes were plotted against relative stimulus intensity. The
profile of each cell was fitted with a sigmoidal function, from which the slope and the
intensity eliciting half-maximal responses were derived.
Following data collection, cells were injected with Neurobiotin by applying rectangular
current pulses of +1 nA amplitude and 750 ms duration at one second intervals. Retinas
were then removed from the pigment epithelium, fixed in 4% paraformaldehyde and
incubated overnight in streptavidin-indocarbocyanine (Cy3, Jackson Immunoresearch,
West Grove, PA) to label the tracer. Only cells successfully injected were accepted for
evaluation. For labeling of cone pedicles, retinas containing injected cells were
incubated with FITC-conjugated peanut agglutinin (diluted 1:16 in phosphate buffer
containing 0.1% bovine serum; Vector Laboratories) overnight at 4°C. Images were
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taken using a Leica TCS SL confocal microscope with a 40x or 63x oil-immersion
objective, and adjusted using Adobe Photoshop 7.0.
Results
We performed intracellular recordings from horizontal cells in the inverted eyecup
preparation to examine the contributions of rod and cone inputs to horizontal cell
somatic and axon terminal light responses in the mouse retina. Horizontal cells were
identified by their large hyperpolarizing responses to light and their depth in the retina.
Although horizontal cells could be reliably distinguished from other cell types by their
light responses, somata and axon terminals could not be distinguished from one another
in this way. Therefore, all recorded cells were filled with tracer for visual control (fig. 1).
Horizontal cell somata receive mixed rod-cone inputs. Rod and cone contributions to
horizontal cell light responses have been studied in detail in the cat retina (Steinberg
1969a, 1969b, 1969c). In general, the rod component of the horizontal cell response is
slow, returning to baseline long after stimulus offset. Moderate intensities elicit a longlasting decay after stimulus offset, referred to as the “rod after-effect” (Steinberg, 1969c;
Niemeyer and Gouras, 1973). The cone component is faster and shows a square
waveform matching stimulus duration (Steinberg, 1969b).
In order to provide appropriate controls for all of the transgenic mouse lines used in this
study, we used two strains of wild-type mice: C57BL/6 and 129/Sv. All of the response
characteristics described by Steinberg (1969a, 1969b, 1969c) and Niemeyer and
Gouras (1973) could be identified in the light responses of C57BL/6 wild-type mouse
horizontal cell somata (fig. 2a), indicating that somata receive a mixture of rod and cone
inputs. However, while some C57BL/6 horizontal cell somatic light responses had a
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prominent rod component, others had less pronounced rod contributions, or lacked
visible rod signals entirely (fig. 2b). Thus, despite careful attention to the adaptational
state of the retina (see supplemental fig. 1), C57BL/6 horizontal cell somata showed a
wide range of response properties. Horizontal cell somata from the 129/Sv strain
showed much more consistent light responses; these cells always responded to light
with a strong hyperpolarizing peak at light on, followed by a depolarizing sag and a slow
return to baseline (fig. 3a). The return to baseline was much slower in horizontal cells
from 129/Sv mice than in cells from C57BL/6 mice.
Mouse rod and cone signals cannot be distinguished based on wavelength because the
sensitivity range of the rods (
wavelength-sensitive cones (

max

max

= 500 nm) largely overlaps with that of the middle-

= 510 nm; Lyubarsky et al., 1999). Therefore, we used

mouse models lacking either rod or cone function to elucidate the contributions of each
photoreceptor type to wild-type horizontal cell light responses. In the rhodopsin-deficient
retina, the rods cannot respond to light, and thus, all light responses are purely conegenerated. Conversely, in the CNGA3-deficient retina, the cones cannot respond to
light, and thus all light responses are generated solely by the rods.
Figure 2c shows traces recorded from a horizontal cell soma in a rhodopsin-deficient
retina: as expected for a functionally rodless retina, the slow, rod-driven components
were missing from the light responses. This was especially evident at low intensities,
where the responses closely followed the stimulus time course. However, the high
variability among C57BL/6 wild-type somata made distinction between somatic light
responses of wild-type and rhodopsin-deficient retinas difficult. This variability was not
seen among horizontal cell somata of rhodopsin-deficient retinas: all light responses had

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Page 8 of 37

Page 9 of 37

The Journal of Neuroscience
For Peer Review Only

the fast waveform typical of cone-dominated light responses (n = 12); and most (9 out of
12 cells) showed the depolarizing rollback associated with feedback to the cones.
Conversely, in the CNGA3-deficient retina (fig. 3b), the light responses were much
slower, highlighting the slow characteristics of purely rod-driven responses. These
response waveforms were rounded and lacked a depolarizing rollback. At moderate
intensities, near the threshold for 129/Sv wild-type horizontal cell somata, somata from
CNGA3-deficient retinas saturated, and their membrane potentials required several
minutes to return to baseline. Higher intensities completely bleached the responses, and
the membrane potential did not return to baseline for several tens of minutes (data not
shown).
Comparing the intensity-response curves from these two transgenic mouse lines with
those of the corresponding wild type gives an indication of the relative contributions of
rods and cones to wild-type horizontal cell light responses (fig. 2d, 3c). The intensities
which elicit half-maximal responses in horizontal cell somata from rhodopsin-deficient
retinas did not differ significantly from those from wild-type retinas (rhodopsin-deficient:
I1/2 = 2.3 x 10-3 ± 1.2 x 10-3, mean ± SE, n = 12; C57BL/6 wild-type: I1/2 = 1.4 x 10-3 ± 0.5
x 10-3, n = 17; p = 0.14, Student’s t-test). However, horizontal cell somata from CNGA3deficient retinas showed a much higher sensitivity than 129/Sv wild-type horizontal cells,
responding strongly to intensities that were at threshold level for wild-type horizontal
cells. The intensities which elicit half-maximal responses in horizontal cell somata from
CNGA-deficient retinas were significantly lower compared to the 129/Sv wild type
(CNGA3-deficient: I1/2 = 3.5 x 10-6 ± 1.4 x 10-6, n = 5; 129/Sv wild type: I1/2 = 0.5 x 10-3 ±
0.2 x 10-3, n = 8; p < 0.05). This suggests that rod inputs to horizontal cell somata are
largely suppressed in the presence of cone inputs in wild-type retinas, as has been
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901
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shown previously in amphibian horizontal cells in the mesopic state (Witkovsky et al.,
1997).
Further evidence supporting a mixture of rod and cone signals in wild-type horizontal
cells can be derived from the slopes of the intensity-response curves. Where two
photoreceptor types contribute to the horizontal cell responses, a shallow slope is
expected, since the combination of rods and cones leads to responses covering a wider
range of intensities. Conversely, where only one photoreceptor type contributes, a
steeper slope is expected. The mean intensity-response curve was significantly steeper
for rhodopsin- (1.08 ± 0.10) and CNG-deficient horizontal cells (1.01 ± 0.06) than for the
corresponding wild types (C57BL/6: 0.84 ± 0.04, p < 0.01; 129/Sv: 0.68 ± 0.08, p <
0.01). Therefore, we can conclude that wild-type horizontal cell somata receive a
mixture of rod and cone inputs.
Horizontal cell axon terminals receive mixed rod-cone inputs. Light responses of
axon terminals were very similar to those of somata; axon terminal recordings were
confirmed by visual control using tracer injection (fig. 1). Like horizontal cell somata,
C57BL/6 axon terminals also showed a mixture of rod and cone inputs and high
variability between cells (fig. 4a,b), whereas responses from 129/Sv retinas were more
uniform (fig. 5a). Although axon terminal recordings could not be distinguished from
somatic recordings, axon terminals did show a higher sensitivity than somata (fig. 6c),
as has been reported previously (Suzuki and Pinto, 1986).
Rod and cone contributions to axon terminal light responses were also dissected by
recording from axon terminals in CNGA3- and rhodopsin-deficient retinas. The results
were similar to those seen in somatic recordings. Figure 4c shows traces recorded from
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a horizontal cell axon terminal in a rhodopsin-deficient retina: as was seen in the
somatic recordings (fig. 2c), the slow, rod-driven components were missing from the light
responses. Conversely, in the CNGA3-deficient retina (fig. 5b), the light responses did
not reflect the square time course of the stimulus, as seen in the wild type, particularly at
intermediate intensities. However, the strong similarity seen between axon terminals
from 129/Sv and CNGA3-deficient retinas suggests a strong rod input to the axon
terminal in the wild type.
Again, the intensity-response curves from these two transgenic mouse lines were
compared with those of the appropriate wild type to examine the relative contributions of
rods and cones to wild-type axon terminal light responses. The intensity-response
curves of axon terminals from rhodopsin-deficient retinas were shifted to higher
intensities compared to the wild type (fig 4d; rhodopsin-deficient: I1/2 = 1.3 x 10-3 ± 0.8 x
10-3, n = 3; C57BL/6 wild-type: I1/2 = 0.3 x 10-3 ± 0.08 x 10-3, n = 7; p < 0.05). Rod inputs
therefore shape the response profile in wild-type axon terminals. As was seen in the
somatic recordings, horizontal cell axon terminals from CNGA3-deficient retinas
responded to lower intensities than did wild-type axon terminals (fig. 5c; CNGA3deficient: I1/2 = 1.9 x 10-6 ± 0.7 x 10-6, n = 5; 129/Sv wild-type: I1/2 = 0.25 x 10-6 ± 0.18 x
10-6, n = 5); this difference was not significant.
As described above, further evidence supporting a mixture of rod and cone signals in
wild-type horizontal cells can be derived from the slopes of the intensity-response
curves. There was no significant difference between the slopes of the intensity-response
curves from rhodopsin-deficient (0.92 ± 0.03) and C57BL/6 wild-type horizontal cells
(0.92 ± 0.14), but the intensity-response curves were significantly steeper for axon
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terminals in CNG-deficient retinas (0.94 ± 0.09) than for the 129/Sv wild type (0.57 ±
0.07, p < 0.01). Therefore, we can conclude that wild-type horizontal cell axon terminals
receive a mixture of rod and cone inputs; and the cone input strongly influences the
sensitivity of the horizontal cell axon terminals.
How do rod inputs reach the soma? We reasoned that there are two possibilities:
either rod signals spread to cones through rod-cone gap junctions, or they enter the
horizontal cell axon terminal and spread along the axon to the soma. These pathways
are not necessarily mutually exclusive. To address this issue, we used a mouse model
in which rod-cone coupling is presumably abolished: the Cx36-deficient mouse
(Güldenagel et al., 2001; Deans et al., 2002). We hypothesized that if rod signals reach
the horizontal cell soma solely by way of rod-cone gap junctions, then somatic
responses from Cx36-deficient retinas should resemble the pure-cone responses from
rhodopsin-deficient retinas.
Figure 6a shows typical light responses of a horizontal cell soma from a Cx36-deficient
mouse. These responses closely resemble the pure-cone responses obtained from
rhodopsin-deficient retinas. Their intensity-response profiles did not differ from those of
the wild type (fig. 6c; I1/2 = 2.8 x 10-3 ± 1.2 x 10-3, n = 7). However, because the rod
component of the somatic responses was so difficult to discern in the wild type, and
therefore the somatic responses from rhodopsin- (and Cx36-) deficient retinas closely
resemble wild-type responses, a further step was needed to test our hypothesis.
We therefore attempted to record light responses from CNGA3/Cx36 double knock-out
mouse retinas; these mice lack both cone responses and rod-cone gap junctions. We
reasoned that if light responses could be obtained from horizontal cell somata in these
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mice, then these light responses must 1. originate in rods and 2. pass to the horizontal
cell soma by way of the horizontal cell axon terminal and axon. We attempted these
recordings on 9 mice, and obtained a total of 7 axon terminal recordings; no somatic
recordings were obtained (table 1). In our hands, wild-type retinas yield on average 17
somatic recordings for every 7 axon terminals. Therefore, we conclude that the complete
absence of somatic recordings in CNGA3/Cx36 double knock-out retinas is significant. It
should be noted that the lack of somatic light responses was not a result of
photoreceptor degeneration, since light responses were detected in axon terminals in
CNGA3/Cx36 double knock-out retinas. These results support the theory of Nelson and
colleagues (1975) that signals are not transmitted along the horizontal cell axon from
axon terminal to soma. This also confirms the finding of Deans et al. (2002) that Cx36
forms gap junctions coupling the rods and cones in the mouse retina.
How do cone inputs reach the axon terminal? The horizontal cell axon does not
transmit signals from axon terminal to soma, but so far the possibility of signal
transmission in the opposite direction has not been examined in the mammalian retina.
To test whether cone signals reach the axon terminal via rod-cone coupling or by way of
the horizontal cell soma and axon, we recorded light responses of horizontal cell axon
terminals from Cx36-deficient retinas. We reasoned that if, in the wild type, cone signals
reach the axon terminal by way of rod-cone gap junctions, then light responses of axon
terminals from Cx36-deficient retinas should resemble those obtained from CNGA3deficient retinas, in which the cone component of the light responses was missing.
Light responses of an axon terminal from a Cx36-deficient mouse are shown in figure
6b. These light responses closely resemble those obtained from somata from this
mouse line, and are also very similar to axon terminal responses obtained from
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

The Journal of Neuroscience
For Peer Review Only

Page 14 of 37

rhodopsin-deficient retinas (fig. 4c), but quite distinctive from axon terminal responses
obtained from CNGA3-deficient retinas (compare fig. 5b). In particular, the responses in
Cx36-deficient retinas show clearly the square time course of the stimulus at all
intensities. This indicates a strong cone component in these axon terminal light
responses, although the cones are no longer coupled to the rods. In addition, their
intensity-response profiles did not differ from those of wild-type axon terminals (fig. 6c;
I1/2 = 0.3 x 10-3 ± 0.2 x 10-3 Cx36-deficient, n = 3). It should be noted that a shift to lower
intensities would be expected if the cone component were absent (compare to fig. 5c).
Thus, rod-cone coupling is not necessary for spread of cone signals to horizontal cell
axon terminals.
How, then, do cone signals reach the horizontal cell axon terminal? Axon terminals
make synaptic contacts with rod photoreceptors in the wild-type retina. However, retinal
neurons in transgenic mice with photoreceptor deficiencies have been shown to
reorganize their synaptic contacts (for example Strettoi et al., 2002; Dick et al., 2003).
To rule out the possibility that axon terminals in Cx36-deficient mice contact cone
pedicles, we incubated retinas containing injected axon terminals with peanut agglutinin,
which labels the base of the cone pedicles (Hack and Peichl, 1999; Haverkamp et al.,
2001). Rotations of single scans revealed no overlap between axon terminal and cone
pedicle labeling (fig. 7; n = 3). In addition, axon terminal morphology appeared normal;
no evidence of sprouting or reorganization was seen. Thus, our data suggest that axon
terminals receive cone inputs from the horizontal cell soma by way of the axon.
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Discussion
Mouse horizontal cell somata receive synaptic inputs from cone photoreceptors, while
their axon terminals receive synaptic inputs solely from rods. Despite this clear
separation of synaptic inputs, both the somata and axon terminals of horizontal cells
respond to a mixture of rod and cone inputs. Recordings from Cx36-deficient retinas
indicated that rod signals reach horizontal cell somata via Cx36-containing gap
junctions, thus confirming the role of Cx36 in rod-cone coupling. However, Cx36 was not
required for conductance of cone signals to horizontal cell axon terminals. Our data
suggest that transduction along the horizontal cell axon is unidirectional, from soma to
axon terminal.
Methodological considerations.
Rod signals in horizontal cells can be determined by the horizontal cell’s light response
waveform, since the temporal properties of the rod response are not significantly filtered
by signal transmission from photoreceptor to horizontal cell (Verweij et al., 1999). Since
rod and cone signals cannot be easily dissected in the mouse retina using stimuli of
different wavelengths, we took an alternative approach, using transgenic mouse lines:
cone signals were assessed using the rhodopsin knock-out mouse, which is a model for
pure cone function (Humphries et al., 1997; Jaissle et al., 2001); rod inputs were
isolated in the CNGA3 knock-out mouse, which lacks cone function (Biel et al., 1999).
This strategy offers the advantage that rod and cone signals can be cleanly isolated,
and thus their contributions to wild-type light responses can be accurately assessed.
However, loss of synaptic input commonly causes morphological rearrangement in
transgenic mouse retinas (Strettoi et al., 2002; Dick et al., 2003). In particular, deletion

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

The Journal of Neuroscience
For Peer Review Only

Page 16 of 37

of rhodopsin or CNGA3 has been shown to lead to degeneration and/or synaptic
rewiring of retinal interneurons (Jaissle et al., 2001; Haverkamp et al., 2006).
Nevertheless, detailed morphological studies have determined the time window in which
retinas from these mice are fully matured but have not yet started to reorganize; in the
present study, care was taken to use mice within this time frame. As an extra
precaution, we carefully examined the morphology of the horizontal cells in age-matched
mice, using targeted dye injection and immunohistochemistry. We found no signs of
degeneration or reorganization in any of the transgenic mouse retinas used in this study
(data not shown).
It is possible that, although we detected no morphological changes in the transgenic
retinas, functional changes could have taken place. For example, since rods have been
shown to have a tonic suppressive effect on cone pathways (Frumkes and Eysteinsson,
1987), one could speculate that loss of rod responses could result in enhancement of
cone responses. However, this point was discounted by Williams et al. (2005), who
showed that loss of one type of photoreceptor does not effect visual discrimination of the
other photoreceptor type.
In order to provide appropriate controls for both rhodopsin- and CNGA3-deficient mice,
we used two different wild-type strains in this study. Interestingly, light responses from
C57BL/6 mice differed noticeably in waveform from those of 129/Sv mice (compare figs.
2a,b and 3a); furthermore, axon terminals from 129/Sv mice were more sensitive than
those of C57BL/6 mice (figs. 4d and 5c). In electroretinograms, a-waves from C57BL/6
retinas showed a higher sensitivity than those from 129/Sv retinas (Pinto et al., 2007).
Thus, the differences seen here probably arise from differences in connectivity between
photoreceptors and horizontal cells, rather than from differences in photoreceptor
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sensitivity. C57BL/6 horizontal cells have larger dendritic fields than those in 129/Sv
retinas (Reese et al., 2005), suggesting that they may contact more cones; this could
result in a larger suppression of rod inputs than in 129/Sv retinas.
Rod and cone inputs to horizontal cells
The horizontal cell axon is believed to electrically isolate the soma from the axon
terminal in the mammalian retina. This theory is based on an early study which showed
that rod inputs to B-type horizontal cell somata and axon terminals differed in sensitivity;
thus rod signals could not be reaching the soma via the axon terminal (Nelson et al.,
1975). Their conclusion was supported by theoretical evidence which suggested that the
physical dimensions of the axon were not suited for passive electrical communication
between the two cellular compartments (Nelson et al., 1975). It is important to note that
their study addressed rod signals, and did not look at how cone inputs arrive at the axon
terminals.
In cone horizontal cells in the carp retina, light responses have been measured in axon
terminals despite the lack of direct photoreceptor inputs to these structures. These light
responses were similar in amplitude to those recorded in somata (Weiler and Zettler,
1978, Zettler and Weiler, 1981). It has been suggested that the low conductance of the
axon terminal may allow signal conduction from the soma by reducing leakage of signals
arriving from the axon (Yagi and Kaneko, 1988). It is not clear whether cone signals
pass along the axon to the axon terminal by passive spread (Yagi and Kaneko, 1988), or
active propagation (Weiler and Zettler, 1978), or by gap junctional coupling between
axon terminals and the axon near the cell body (Yagi, 1986).
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Our findings support the conclusion of Nelson and colleagues (1975) that rod signals are
transmitted to the horizontal cell somata via rod-cone coupling, but suggest that, as
seen in fish, cone signals are conducted along the axon from soma to axon terminal.
The ion channel composition of the horizontal cell soma differs from that of the axon
terminal (A. Feigenspan, unpublished observations). In addition, the channel
composition of the axon is not known. Thus it is possible that specific expression of ion
channels in the soma and/or axon allows unidirectional passage of signals from soma to
axon terminal.
However, it cannot be ruled out that cone signals reach the axon terminal via gap
junctions which do not contain Cx36. This latter hypothesis suggests that Cx36containing rod-cone gap junctions are asymmetrical, allowing signal passage from rods
to cones but not vice versa. This is supported by expression of Cx36 in cones but not
rods in the mouse retina (Feigenspan et al., 2004); these gap junctions are heterotypic.
A separate set of gap junctions that allows passage of cone signals into rods could be
modulated by different mechanisms, thus allowing distinct regulation of rod-to-cone and
cone-to-rod signal spread.
On the distinctive roles of horizontal cell somata and axon terminals.
Interaction between the rod and cone pathways is extensive: rods and cones are
electrically coupled (Raviola and Gilula, 1973; Smith et al., 1986; Schneeweis and
Schnapf, 1995; Krizaj et al., 1998; Tsukamoto et al., 2001), and rod signals piggyback
onto cone pathways at several stages in visual processing (reviewed by Völgyi et al.,
2004). This interaction of the two photoreceptor systems is essential for adaptation of
photoreceptor sensitivity to different levels of ambient illumination. Horizontal cell
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somata play a key role in this adaptation by averaging light inputs over a large area of
retina and feeding this averaged signal back to the cone photoreceptors (Baylor et al.,
1971). This feedback adjusts the cone gain to different light levels. It is therefore logical
that horizontal cell somata receive inputs from both rod and cone photoreceptors.
It has long been assumed that rod signals reach the horizontal cell somata by way of
rod-cone coupling. Raviola and Dacheux (1990) showed that axonless horizontal cells in
the rabbit retina receive rod inputs via rod-cone gap junctions. Rod-cone coupling
makes up the secondary rod pathway in the mouse retina, and is thought to be mediated
by Cx36: mice lacking Cx36 show no intermediate-sensitivity ON and OFF ganglion cell
responses (Deans et al., 2002; Völgyi et al., 2004). For these reasons, we hypothesized
that horizontal cell somata in Cx36-deficient mice should not receive rod inputs; this was
confirmed in CNGA-Cx36 double knock-out mice. Thus our data confirm that rods and
cones are coupled by Cx36 in the mouse retina.
While the functional role of the horizontal cell soma is straightforward, the role of the
axon terminal is less well understood. Axon terminals have an extraordinarily elaborate
morphology (see fig. 7), but no known synaptic output. This structure receives synaptic
inputs from the rod photoreceptors, but feedback to the rods has never been
demonstrated. While horizontal cell dendrites synapse onto midget bipolar cells in
primate cone pedicles (Raviola and Gilula, 1975), axon terminals have not been shown
to synapse onto bipolar cells in the mammalian retina. And here we show that axon
terminals do not relay signals to the horizontal cell somata.
Horizontal cells have recently been shown to be pre-synaptic to dopaminergic
interplexiform cells in the mouse retina, but it is not clear whether the synaptic contacts
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are made by the axon terminals or the somata (Viney et al., 2007). Our data suggest
that horizontal cell axon terminals receive cone signals from the horizontal cell somata;
axon terminals therefore receive a mixture of rod and cone signals. These structures
could potentially integrate light signals over the entire visual intensity range and over
large areas of the retina; they are therefore ideally suited to play a modulatory role in
visual processing.
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Figures
Figure 1. Morphological control: following intracellular recordings, horizontal cells were
injected with Neurobiotin. Horizontal cell somata (A) were easily distinguishable from
axon terminals (B). Scale bars: 50 µm.
Figure 2. Somatic light responses from C57BL/6 wild-type (A, B) and rhodopsin-deficient
retinas (C). Light stimuli consisted of full-field white light flashes of 250 ms duration.
Increasing response amplitude reflects increasing stimulus intensity. A,B: C57BL/6 wildtype horizontal cell somata showed a range of response properties. The cell in A
showed prominent rod components, including slow responses at low intensities and the
rod after effect at intermediate intensities. The cell in B showed primarily conedominated response properties. C: Somata from rhodopsin-deficient mice showed
exclusively cone-dominated response properties. D: Normalized intensity-response
profiles for C57BL/6 wild-type (n = 17) and rhodopsin-deficient horizontal cell somata (n
= 12); means ± standard errors. There was no significant difference in the intensity
which elicited half-maximal responses in C57BL/6 wild-type and rhodopsin-deficient
horizontal cell somata.
Figure 3. Somatic light responses from 129/Sv and CNGA3-deficient retinas. Light
stimuli as in Fig. 2. A: 129/Sv wild-type horizontal cell somata showed much more
consistent light response properties than somata from C57BL/6 mice. B: Somatic
recordings from CNGA3-deficient retinas were easily distinguishable from the wild type.
The square time course of the stimulus, visible in wild-type responses, is absent in
responses from CNGA3-deficient retinas. C: Normalized intensity-response profiles for
129/Sv wild-type (n = 8) and CNGA3-deficient horizontal cell somata (n = 5); means ±
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standard errors. Horizontal cell somata from CNGA3-deficient retinas responded to
much lower light intensities than did 129/Sv wild-type horizontal cells (p < 0.05). This
huge shift in the intensity-response profile reflects the pure rod input to horizontal cells in
the CNGA3-deficient retina.
Figure 4. Axon terminal light responses from C57BL/6 wild-type (A, B) and rhodopsindeficient retinas (C). Light stimuli as in Fig. 2. A,B: C57BL/6 wild-type horizontal cell
axon terminals showed a range of response properties. The axon terminal in A showed
prominent rod components, including slow responses at low intensities and the rod after
effect at intermediate intensities. The axon terminal in B showed primarily conedominated response properties. C: Axon terminals from rhodopsin-deficient mice
showed exclusively cone-dominated response properties. D: Normalized intensityresponse profiles for C57BL/6 wild-type (n = 7) and rhodopsin-deficient horizontal cell
axon terminals (n = 3); means ± standard errors. The intensity which elicited halfmaximal responses in axon terminals was higher for rhodopsin-deficient retinas than for
the wild type (p < 0.05).
Figure 5. Axon terminal light responses from 129/Sv wild-type (A) and CNGA3-deficient
retinas (B). Light stimuli as in Fig. 2. Axon terminal recordings from CNGA3-deficient
retinas were less distinguishable from the wild type, reflecting the strong rod input to
these structures in the wild-type retina. C: Normalized intensity-response profiles for
129/Sv wild-type (n = 5) and CNGA3-deficient horizontal cell axon terminals (n = 5);
means ± standard errors. The intensity which elicited half-maximal responses in axon
terminals was lower for CNGA3-deficient retinas than for 129/Sv wild-type axon
terminals; this difference was not significant. The response profiles of axon terminals
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from CNGA3-deficient retinas were significantly steeper than those from the wild type,
confirming the mixture of inputs into wild-type axon terminals.
Figure 6. Somatic (A) and axon terminal (B) recordings from Cx36-deficient retinas. Light
stimuli as in Fig. 2. Both somatic and axon terminal light responses closely resembled
responses from wild-type and rhodopsin-deficient retinas, reflecting a strong cone
component in both the soma and axon terminal. C: Normalized intensity-response
profiles for C57BL/6 wild-type horizontal cell somata (n = 17) and axon terminals (n = 7),
and Cx36-deficient somata (n = 7) and axon terminals (n = 3); means ± standard errors.
The intensity which elicited half-maximal responses did not differ significantly between
wild-type and Cx36-deficient horizontal cell somata or between wild-type and Cx36deficient horizontal cell axon terminals.
Figure 7. Morphological control. An injected axon terminal (green) from a Cx36-deficient
retina labeled with peanut agglutinin (red). No evidence of sprouting of the axon terminal
or synaptic contacts with cones was seen. A: image stack; B: single scan; C: high
magnification of the boxed area in B. Scale bars: A,B 20 µm; C 10 µm.
Table 1. Rod and cone inputs to somata and axon terminals of the mice used in this
study. The photoreceptor contributions to the somatic light responses in the Cx36deficient retinas could not be determined, since the wild-type light responses were
strongly dominated by cone inputs. However, the complete lack of light responses in the
somata of CNGA3/Cx36 double knock-out mice indicates that rod signals cannot pass to
the horizontal cell somata in the absence of rod-cone coupling.

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Page 29 of 37

The Journal of Neuroscience
For Peer Review Only

Figure 1. Morphological control: following intracellular recordings, horizontal cells were
injected with Neurobiotin. Horizontal cell somata (A) were easily distinguishable from
axon terminals (B). Scale bars: 50 Â)m.
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Figure 2. Somatic light responses from C57BL/6 wild-type (A, B) and rhodopsin-deficient
retinas (C). Light stimuli consisted of full-field white light flashes of 250 ms duration.
Increasing response amplitude reflects increasing stimulus intensity. A,B: C57BL/6 wildtype horizontal cell somata showed a range of response properties. The cell in A showed
prominent rod components, including slow responses at low intensities and the rod after
effect at intermediate intensities. The cell in B showed primarily cone-dominated
response properties. C: Somata from rhodopsin-deficient mice showed exclusively conedominated response properties. D: Normalized intensity-response profiles for C57BL/6
wild-type (n = 17) and rhodopsin-deficient horizontal cell somata (n = 12); means
standard errors. There was no significant difference in the intensity which elicited halfmaximal responses in C57BL/6 wild-type and rhodopsin-deficient horizontal cell somata.
85x119mm (600 x 600 DPI)
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Figure 3. Somatic light responses from 129/Sv and CNGA3-deficient retinas. Light stimuli
as in Fig. 2. A: 129/Sv wild-type horizontal cell somata showed much more consistent
light response properties than somata from C57BL/6 mice. B: Somatic recordings from
CNGA3-deficient retinas were easily distinguishable from the wild type. The square time
course of the stimulus, visible in wild-type responses, is absent in responses from
CNGA3-deficient retinas. C: Normalized intensity-response profiles for 129/Sv wild-type
(n = 8) and CNGA3-deficient horizontal cell somata (n = 5); means
standard errors.
Horizontal cell somata from CNGA3-deficient retinas responded to much lower light
intensities than did 129/Sv wild-type horizontal cells (p < 0.05). This huge shift in the
intensity-response profile reflects the pure rod input to horizontal cells in the CNGA3deficient retina.
115x67mm (600 x 600 DPI)
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Figure 4. Axon terminal light responses from C57BL/6 wild-type (A, B) and rhodopsindeficient retinas (C). Light stimuli as in Fig. 2. A,B: C57BL/6 wild-type horizontal cell
axon terminals showed a range of response properties. The axon terminal in A showed
prominent rod components, including slow responses at low intensities and the rod after
effect at intermediate intensities. The axon terminal in B showed primarily conedominated response properties. C: Axon terminals from rhodopsin-deficient mice showed
exclusively cone-dominated response properties. D: Normalized intensity-response
profiles for C57BL/6 wild-type (n = 7) and rhodopsin-deficient horizontal cell axon
terminals (n = 3); means
standard errors. The intensity which elicited half-maximal
responses in axon terminals was higher for rhodopsin-deficient retinas than for the wild
type (p < 0.05).
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Figure 5. Axon terminal light responses from 129/Sv wild-type (A) and CNGA3-deficient
retinas (B). Light stimuli as in Fig. 2. Axon terminal recordings from CNGA3-deficient
retinas were less distinguishable from the wild type, reflecting the strong rod input to
these structures in the wild-type retina. C: Normalized intensity-response profiles for
129/Sv wild-type (n = 5) and CNGA3-deficient horizontal cell axon terminals (n = 5);
means
standard errors. The intensity which elicited half-maximal responses in axon
terminals was lower for CNGA3-deficient retinas than for 129/Sv wild-type axon
terminals; this difference was not significant. The response profiles of axon terminals
from CNGA3-deficient retinas were significantly steeper than those from the wild type,
confirming the mixture of inputs into wild-type axon terminals.
115x67mm (600 x 600 DPI)
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Figure 6. Somatic (A) and axon terminal (B) recordings from Cx36-deficient retinas. Light
stimuli as in Fig. 2. Both somatic and axon terminal light responses closely resembled
responses from wild-type and rhodopsin-deficient retinas, reflecting a strong cone
component in both the soma and axon terminal. C: Normalized intensity-response profiles
for C57BL/6 wild-type horizontal cell somata (n = 17) and axon terminals (n = 7), and
Cx36-deficient somata (n = 7) and axon terminals (n = 3); means
standard errors. The
intensity which elicited half-maximal responses did not differ significantly between wildtype and Cx36-deficient horizontal cell somata or between wild-type and Cx36-deficient
horizontal cell axon terminals.
115x66mm (600 x 600 DPI)

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901

Page 36 of 37

Page 37 of 37

The Journal of Neuroscience
For Peer Review Only

Figure 7. Morphological control. An injected axon terminal (green) from a Cx36-deficient
retina labeled with peanut agglutinin (red). No evidence of sprouting of the axon terminal
or synaptic contacts with cones was seen. A: image stack; B: single scan; C: high
magnification of the boxed area in B. Scale bars: A,B 20 Â)m; C 10 Â)m.
176x60mm (300 x 300 DPI)
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Table 1. Rod and cone inputs to somata and axon terminals of the mice used in this study.
The photoreceptor contributions to the somatic light responses in the Cx36-deficient
retinas could not be determined, since the wild-type light responses were strongly
dominated by cone inputs. However, the complete lack of light responses in the somata of
CNGA3/Cx36 double knock-out mice indicates that rod signals cannot pass to the
horizontal cell somata in the absence of rod-cone coupling.
85x41mm (600 x 600 DPI)
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Abstract 238 words (250 allowed)
Mammalian retinae express multiple connexins that mediate the metabolic and electrical
coupling of various cell types. Here we describe a novel retinal connexin, connexin30.2
(Cx30.2), and its regulation in the mouse retina. To analyze the expression of Cx30.2, we
used a transgenic mouse line in which the coding region of Cx30.2 was replaced by a lacZ
reporter gene. We detected the lacZ signal in the nuclei of neurons located in the inner nuclear
layer and the ganglion cell layer. In this study, we focused on the ganglion cell layer and
characterized the morphology of the Cx30.2-expressing cells. Using immunocytochemistry
and intracellular dye injections, we found six different types of Cx30.2-expressing ganglion
cells: one type of ON-OFF, three types of OFF and two types of ON ganglion cells; among
the latter was the RGA1 type. We show that RGA1 cells were heterologously coupled to
numerous displaced amacrine cells, and our results suggest that these gap junctions must be
heterotypic and involve Cx30.2 and a connexin yet unidentified in the mouse retina.
Gap junction coupling can be modulated by protein kinases, a process which plays a
major role in retinal adaptation. Therefore, we studied the protein kinase-induced modulation
of coupling between RGA1 and displaced amacrine cells. Our data provide evidence that
coupling of RGA1 cells to displaced amacrine cells is mediated by the novel retinal connexin
Cx30.2 and that the extent of this coupling is modulated by protein kinase C.

2

Introduction 494 words (500 allowed)
Gap junctions are clusters of intercellular conduits which connect the cytoplasms of two
contacting cells and allow metabolic and electrical coupling. Gap junctions are formed by
proteins called connexins. Six of these proteins form a connexon, and the docking of two
connexons from two adjacent cells generates a functional gap junction channel. Homotypic
gap junctions comprise two identical connexons, heterotypic gap junctions are built from two
different connexons. At least 20 connexin genes have been reported in the murine genome
(reviewed in Söhl et al., 2005).
In the mammalian retina, connexins are expressed in all neuronal cell classes (Vaney,
1991) where they form coupled networks. These neuronal networks are modulated by light
and neuromodulators which can alter the extent of coupling when the visual environment
changes (for review see Weiler et al., 2000). These adaptational processes presumably are
mediated by protein kinases which can alter the gap junction properties by phosphorylating
either the connexins involved or other target proteins which can in turn change connexin
characteristics.
Among retinal connexins, Cx36 is predominant. It has been described in
photoreceptors (Deans et al., 2002; Lee et al., 2003; Feigenspan et al., 2004), bipolar cells
(Feigenspan et al., 2004; Lin et al., 2005; Han & Massey, 2005), AII amacrine cells
(Feigenspan et al., 2001; Mills et al., 2001), and alpha ganglion cells (Schubert et al., 2005a;
Völgyi et al., 2005). AII amacrine cells form homotypic gap junction composed of Cx36 to
one type of ON cone bipolar cell (Lin et al., 2005; Han & Massey, 2005) and heterotypic gap
junctions consisting of Cx36 and Cx45 to other ON cone bipolar cell types (Maxeiner et al.,
2005; Dedek et al., 2006). Cx45 is also expressed in OFF bipolar cells (Maxeiner et al.,
2005), bistratified ganglion cells (Schubert et al., 2005b) and in amacrine cells (Maxeiner et
al., 2005; Pérez de Sevilla et al., 2007). Two other retinal connexins, Cx57 and Cx50, mediate
the extensive coupling of horizontal cells (Hombach et al., 2004; O’Brien et al., 2006).
3

Despite this plethora of gap junction proteins, it seems likely that still other connexin
genes are expressed in the mammalian retina. For example, Xin & Bloomfield (1997) showed
that many ganglion cell types exhibit tracer coupling. However, the corresponding connexins,
except for those expressed in alpha (Cx36) and bistratified ganglion cells (Cx45) have not yet
been identified. Therefore, we studied the expression pattern of the gap junction protein
Cx30.2 in the mouse retina. Cx30.2 was first shown to be expressed in cardiac myocytes
(Kreuzberg et al., 2005). Recently, Cx30.2 was also found in neurons, namely in inhibitory
interneurons of the hippocampus (Kreuzberg et al., 2008). To study Cx30.2 expression in the
mouse retina, we used a transgenic mouse line which expressed a lacZ reporter gene instead
of the Cx30.2 coding region (Kreuzberg et al., 2006). We found Cx30.2 in six different types
of ganglion cells and studied protein kinase-induced phosphorylation as a potential
mechanism to modulate ganglion cell networks coupled by Cx30.2.
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Materials and Methods
Mouse strains and tissue preparation
Retinae were obtained from several different mouse lines: Cx30.2lacZ/lacZ, Cx30.2+/lacZ
(Kreuzberg et al., 2006), Cx45fl/fl:Nestin-Cre (Maxeiner et al., 2005), Cx36-/- (Güldenagel et
al., 2001), Cx40-/- (Kirchhoff et al., 1998) and wild-type (WT) mice (C57BL/6). Mice were
killed by cervical dislocation in accordance with the institutional guidelines for animal
welfare issued by the Federal Republic of Germany. Eyes were enucleated and were kept at
room temperature in a Petri dish with carboxygenated Ames’ medium (Sigma, pH 7.4).
Retinae were mounted photoreceptor side down on black filter paper (Millipore Corporation,
Bedford, MA, USA).

Intracellular injections
Intracellular injections were carried out as described (Schubert et al., 2005a; Pérez de Sevilla
et al., 2007). Briefly, borosilicate glass electrodes (Hilgenberg, Malsfeld, Germany) were
pulled with a Sutter P-97 puller (Sutter, Novato, CA, USA). Electrode tips were filled with
1% Alexa594 or Alexa568 sodium hydrazide (Invitrogen), or Lucifer Yellow (Sigma) and 4%
N-(2-aminoethyl-)-biotinamide hydrochloride (Neurobiotin, Vector, Burlingame, CA, USA).
Electrodes were backfilled with Tris buffer, pH 7.4, and typically had resistances between 100
and 140 MΩ. To visualize ganglion cell bodies in WT retinae, a few drops of Acridine
Orange (1 µM; Sigma) were added to the bath solution. After a few minutes, retinae were
washed and ganglion cells were injected. Alexa dye/Lucifer Yellow was iontophoresed with a
current of -1 nA (750 ms at 1 Hz). When the dendritic morphology of the cell could be
discerned, the direction of the current was reversed to +1 nA to inject Neurobiotin.
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Labeling lacZ-expressing cells
To label lacZ-expressing cells in vivo, retinae from Cx30.2lacZ/lacZ and Cx30.2+/lacZ mice were
incubated with fluorescein-di-beta-D-galactopyranoside (FDG; Sigma). FDG is a fluorogenic
substrate for beta-galactosidase and can be used to visualize lacZ-expressing cells (Nirenberg
& Cepko, 1993). It was applied in Ames’ medium at a concentration of 1.5 mg/ml in 1.25%
dimethyl sulfoxide (Sigma). After 1-2 minutes incubation, retinae were washed in the dark for
15 minutes in carboxygenated Ames’ medium. LacZ-positive ganglion cells, now labeled with
fluorescein, were injected as described above.

Pharmacological experiments
In another set of experiments, we aimed to identify the protein kinase involved in the
modulation of tracer coupling between Cx30.2-expressing RGA1 cells and displaced amacrine
cells. For that purpose, retinae of WT mice were incubated with cAMP (1 mM, Sigma), 3isobutyl-1-methylxanthine (IBMX, 100 µM, Sigma, cat nr 7018), forskolin (500 µM,
Merck/Calbiochem), staurosporine (10 µM, Sigma), or 4-beta-phorbol-12,13-dibutyrate
(PDBu, 10 µM, Sigma) prior to injection. Retinae were washed in Ames’ medium before
injecting RGA1 cells for 3 minutes. After the last injection, the retinae remained for 20-30
minutes in the recording chamber, allowing diffusion of Neurobiotin.

Immunostaining in whole-mount retinae
After intracellular dye injection, retinae were fixed in 4% paraformaldehyde for 15 minutes.
Fixed retinae were washed for at least 30 minutes in 0.1 M phosphate buffer (PB), pH 7.4.
Neurobiotin was visualized by incubating injected retinae overnight with streptavidinindocarbocyanine (Cy3, 1:500, Jackson Immunoresearch, West Grove, PA, USA), in 0.1 M
PB containing 0.3% TritonX-100 (Sigma).
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Some retinae from Cx30.2lacZ/lacZ and Cx30.2+/lacZ mice were processed using the betagalactosidase essay as described by Feigenspan et al. (2004). Briefly, whole-mount retinae
were washed in lacZ washing solution and incubated with the beta-galactosidase substrate Xgal for three to four days at 37 °C. Neurons with beta-galactosidase reactivity were identified
by the reaction product which consisted of one blue dot in the cell’s nucleus.
In order to reveal the stratification level of ganglion cell processes within the inner
plexiform layer, the two plexuses of cholinergic starburst amacrine cells which mark the ONand OFF-sublaminae were immunocytochemically labeled and used as landmarks. Polyclonal
anti-goat choline acetyltransferase (ChAT) antibodies (1:500, Chemicon International,
Chandlers Ford, UK) were used as a specific marker for cholinergic amacrine cells.
Other injected retinae were incubated with antibodies against parvalbumin (1:500,
Swant, Bellinzona, CH), calbindin (1:1000, Swant) or calretinin (1:500, Chemicon) for a
week, washed several times in PB, and incubated overnight at 4°C in the corresponding
secondary antibodies (goat anti-rabbit Cy5, 1:500, Jackson ImmunoResearch; goat anti-mouse
Cy5,

1:500,

Jackson

ImmunoResearch;

donkey

anti-goat

Cy5,

1:500,

Jackson

ImmunoResearch). After final washes with PB, retinae were mounted in Vectashield
Mounting Medium (Vector Laboratories). Coverslips were sealed with nail polish for
prolonged storage. Slides were stored at 4 °C protected from light.

Immunostaining in retinal cryosections
Mouse eyecups were fixed in 2% paraformaldehyde for 20 minutes. Vertical cryosections (1214 µm) from Cx30.2+/lacZ and Cx30.2lacZ/lacZ mice were stained for beta-galactosidase activity
as described previously (Feigenspan et al., 2004). Briefly, slices were washed in lacZ washing
solution and incubated with the beta-galactosidase substrate X-gal for one to two days at 37
°C. For single and double staining, we used polyclonal antibodies against calretinin (1:500
and 1:5000, respectively, Chemicon), parvalbumin (1:500, Swant), and calbindin (1:1000,
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Swant). Cryosections were blocked with 5-10% normal goat serum or mouse serum in 0.1 M
PB + 0.3% Triton-X100 at room temperature for 1 h. Sections were incubated with the first
antibody at 4 °C overnight. After three washes, the corresponding secondary antibodies (see
above) were applied at room temperature for 2 h. Finally, sections were washed and mounted
in Vectashield. Omitting the primary antibody in the immunostaining procedures was done as
a control; no labeling was ever found.

Image analysis and statistics
Images were taken with a Leica TCS SL confocal microscope with a 40x oil-immersion
objective. Intensity and contrast of the final images were adjusted in Adobe Photoshop 7.0
(Adobe). All values are given as mean ± SD and were compared for statistical differences
using the unpaired t-test in SigmaPlot (Systat Software Inc., San Jose, CA, USA).
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Results
Localization of Cx30.2 in the mouse retina
In recent years, four different connexins (Cx36, Cx45, Cx50 and Cx57) have been reported to
be involved in electrical synapses between neurons in mouse and rabbit retinae. Nevertheless,
it seems very likely that this list is not complete. Many different classes of amacrine and
ganglion cells have been described to be coupled (Vaney, 1991; Xin & Bloomfield, 1997) and
in many cases the connexins involved in this coupling are still unknown. Very recently, a
novel connexin, Cx30.2, has been described to be expressed in the central nervous system of
the mouse (Kreuzberg et al., 2008). To study whether Cx30.2 is expressed in the retina, we
used a transgenic mouse line in which the coding region of the Cx30.2 gene was replaced by a
lacZ reporter gene expressed under the control of Cx30.2 gene regulatory elements
(Kreuzberg et al., 2006).
In retinal cryosections, staining for beta-galactosidase activity in Cx30.2lacZ/lacZ mice
revealed lacZ-positive cells in the ganglion cell layer (GCL) (Fig. 1A) and in the inner nuclear
layer (INL) (arrows). Based on the localization of the lacZ signal and the size of the labeled
cells in the INL, we hypothesized that all lacZ-positive neurons corresponded to amacrine
cells and that these cells comprised at least two different types of neurons. One subtype had
its nucleus close to the border between the INL and the inner plexiform layer (IPL) whereas
the second type had its nucleus further away from that border. Rarely, we found some nuclei
in the INL that were as big as the ones in the GCL. These cells might correspond to displaced
ganglion cells or large amacrine cells.
We studied the lacZ-positive cells in the GCL by staining whole mount retinae from
Cx30.2lacZ/lacZ mice. There, lacZ-positive cells were distributed over the entire retina (Fig. 1B).
At higher magnification (Fig.1C), big (arrows) and small lacZ-positive nuclei (arrowheads)
could be differentiated, suggesting that there were at least two subpopulations of Cx30.2expressing neurons in the GCL. Big lacZ-positive nuclei most likely represent ganglion cells,
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and small lacZ-positive nuclei might represent small ganglion cells or displaced amacrine
cells, which are very frequent in the mouse retina (Jeon et al., 1998; Badea & Nathans, 2004;
Lin & Masland, 2006; Pérez de Sevilla et al., 2007).
In the GCL, the spatial distribution of Cx30.2-expressing neurons was evaluated for
three retinae. LacZ-stained retinae were divided into four sections (ventral, dorsal, nasal and
temporal) and lacZ-positive cells were counted (Fig. 1B). The density of Cx30.2-expressing
cells showed an even distribution from the central area of the retina to the peripheral retina in
all sectors with no statistical difference between the four sectors (data not shown).
Electroretinograms of WT and Cx30.2-deficient mice did not show any significant
differences in a and b waves (Pérez de Sevilla, unpublished observation). Considering the
lacZ expression pattern described above, this was not surprising, since the a and b waves are
mainly generated by photoreceptor and ON bipolar cell responses, respectively, and these two
cell types never showed any lacZ signal in Cx30.2-deficient mice.

Immunocytological characterization of lacZ-positive cells in Cx30.2-deficient retinae
To examine the morphology of the Cx30.2-expressing cells in detail, we focused on the GCL.
We used different immunocytochemical markers to analyze whether the Cx30.2-expressing
cells comprised several cell types. Retinae from Cx30.2lacZ/lacZ mice were stained for the
calcium-binding proteins calbindin, calretinin, and parvalbumin. Table 1 summarizes the
results (for more details see Supplementary Material Fig. 1). Retinal neurons expressing
Cx30.2 were differentially immunolabeled by these markers. For example, ganglion cells with
big nuclei (>8 µm) often expressed parvalbumin, which was never expressed by ganglion
cells with small nuclei (<8 µm). However, some cells with small nuclei were positive for
calretinin and some were, in rare cases, also positive for calbindin. Taken together, these
stainings suggested that Cx30.2 is expressed in multiple ganglion cell types in the mouse
retina.
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Classification of Cx30.2-expressing ganglion cells
We injected ganglion cells with sharp electrodes in retinae from Cx30.2lacZ/lacZ and
Cx30.2+/lacZ mice and stained them afterwards for lacZ expression. However, we had some
difficulties with this method since the injected Lucifer Yellow masked the lacZ signal in the
injected cells. This made it almost impossible to identify the Cx30.2-expressing cells.
To circumvent this problem, we identified the lacZ-positive cells before injection.
Living cells containing beta-galactosidase can be stained with FDG (Nirenberg & Cepko,
1993; Nirenberg & Meister, 1997); hydrolysis of FDG by beta-galactosidase leads to an
accumulation of fluorescein in the cytoplasm of the lacZ-positive cell. This approach enabled
us to visualize the lacZ-positive cells, now fluorescent green, and made them easy to target
with sharp dye-filled electrodes (see Supplementary Material Fig. 2) to characterize them.
However, a disadvantage of the FDG method was that we could only inject 5-8 cells per retina
since the marker sometimes leaked out of the cells over time.
In order to characterize and classify the Cx30.2-expressing ganglion cells, we injected
ganglion cells prelabeled with FDG (n = 68), with Neurobiotin and Alexa568 or Alexa594
hydrazide. Both the Alexa dyes and Neurobiotin filled the cells completely, demonstrated by
the tapering endings of their dendrites. Dendritic stratification was determined by labeling the
retina with anti-ChAT antibodies, which visually define the five different strata of the IPL.
This classification was made with retinae from Cx30.2+/lacZ and Cx30.2lacZ/lacZ animals. We
created a morphological catalog of the injected ganglion cells using the dendritic field and
soma sizes, dendritic depth within the IPL, general morphology, and coupling patterns as
characteristics.
We divided the Cx30.2-expressing ganglion cells into three different classes: (1) ONOFF cells, (2) OFF cells and (3) ON cells.
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(1) ON-OFF cells
Only one type of ON-OFF cell was found. This bistratified ganglion cell type (Fig. 2A) had
dendritic arbors with a diameter of 278.8 ± 56 µm (n = 6). Cell bodies had a mean diameter of
18.7 ± 0.7 µm. The dendrites were recursive and loop-forming (Fig. 2A). The ON dendrites
stratified in stratum S4 and the OFF processes in stratum S2 of the IPL (Fig. 2B) suggesting
that this cell type is identical with the ON-OFF direction selective ganglion cell RGD2 (Sun et
al. 2002a; Weng et al., 2005). Interestingly, RGD2 cells have been shown to be coupled to
other bistratified ganglion cells by Cx45 (Schubert et al., 2005b; see discussion).

(2) OFF cells
Three types of OFF ganglion cells expressed Cx30.2. None of these cell types could be found
in the classification of mouse ganglion cells provided by Sun et al. (2002a).
OFF type 1 cells (Fig. 2C) had big cell bodies of 14.2 ± 1.6 µm in diameter and
large dendritic arbors of 373.8 ± 48.2 µm (n = 16) which stratified close to the INL, in stratum
S1 of the IPL (Fig. 2D). Occasionally, two of 16 cells, the OFF type 1 cells were coupled to
amacrine cells which had their somata located in the INL. The general morphology of this cell
type was similar to OFF alpha ganglion cells described in the mouse retina (Schubert et al.,
2005a; Völgyi et al., 2005) but there was a prominent difference: OFF alpha cells are coupled
to amacrine cells and to neighboring alpha cells (Schubert et al., 2005a; Völgyi et al., 2005)
but we never observed coupling of OFF-type 1 cells to other ganglion cells.
OFF type 2 cells (Fig. 2E) had large and asymmetric dendritic arborizations
which extended 285.5 ± 125 µm in diameter (n = 7). The cell bodies were round (17.9 ± 1.4
µm). Their processes stratified in stratum 1 of the IPL close to the INL (Fig. 2F). We never
observed tracer coupling in these cells.
OFF type 3 cells had the smallest dendritic fields of the Cx30.2-expressing
ganglion cells identified in this study, with a diameter of 241.7 ± 85.9 µm (n = 12). The
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dendritic arbors were round or ovoid (Fig. 2G) and dendrites stratified in stratum S1 of the
IPL (Fig. 2H). The mean diameter of the round somata was 19.2 ± 1.4 µm. OFF type 3 cells
never showed tracer coupling to other cells.

(3) ON cells
ON type 1 cells (n = 5) were defined by their small somata and medium-to-large dendritic
fields. They presented round somata of 13.4 ± 1.3 µm and dendritic fields of 391.8 ± 81.4 µm
in diameter (Fig. 3A). Their processes extended to stratum S5 of the IPL (Fig. 3B). The
ending tips of the dendrites overlapped sparsely. When injected in heterozygous mice, no
coupling was observed. This ganglion cell type had a lot of similarities with the ganglion cell
RGC1 found in the rat by Huxlin & Goodchild (1997).
ON type 2 cells (n = 16) had big polygonal cell bodies from which 3 to 7
primary dendrites (mean: 4.9 ± 1) left the soma to ramify in a branching radial pattern,
resulting in few dendrites close to the soma (Fig. 3C). Dendrites were smooth, often
overlapped at the ending tips and frequently formed hook-like terminals. The soma was
always placed in the center of the dendritic field. Cell somata had diameters of 18.2 ± 1.2 µm.
The dendritic field size averaged 281.5 ± 19.4 µm. ON type 2 cells were always coupled to
numerous small cells which had their somata in the GCL (Fig. 3C and E). The image in
Figure 3D corresponds to an injected cell whose soma showed the FDG signal (Fig. 3E). ON
type 2 cells were monostratified with processes located in stratum 5 of the IPL, just below the
cholinergic band produced by the ON starburst cells (Fig. 3F). According to the ganglion cell
classification by Sun et al. (2002a), the morphology of this ganglion cell type corresponded to
RGA1 cells.
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Tracer coupling between RGA1 and displaced amacrine cells
In the following, we focused on the RGA1 cells (ON type 2 ganglion cells) to analyze the
cells’ coupling pattern and its modulation. RGA1 cells are well described in rodent retinae
(Huxlin & Goodchild, 1997; Sun et al., 2002a, b; Badea & Nathans, 2004; Kong et al., 2005)
and are identical to the giant cells reported by Bunt (1976) in the albino rat retina.
To study the coupling of RGA1 cells, we injected these cells in WT, Cx30.2+/lacZ and
Cx30.2lacZ/lacZ retinae. RGA1 were easy to recognize in WT retinae by their shape and big
somata. Both in WT (n = 15) and Cx30.2+/lacZ mice (n = 9), RGA1 cells were heterologously
coupled to 2-8 amacrine cells (4.7 ± 2.3 cells; Fig. 3C, 4A). The number of tracer coupled
cells was not significantly different between Cx30.2+/lacZ and WT mice (Fig. 3C, 4; p > 0.76).
Tracer coupled cells were always located within the dendritic field of the RGA1 cell and had
their somata in the GCL. They had relatively round, small somata with a mean size of 7.9 ± 2
µm. Though the cells’ dendrites could not be visualized, the small soma size suggested that
these cells were most likely displaced amacrine cells.
An injected RGA1 of a Cx30.2+/lacZ mouse is illustrated in Fig. 4A showing its normal
tracer spread. The coupled cells (Fig. 4B) never showed the green fluorescent signal produced
by FDG incubation. To exclude the possibility that the FDG signal leaked out of these cells
over time, we incubated Cx30.2+/lacZ retinae with FDG and immediately looked for RGA1
cells. We never saw displaced amacrine cells positive for fluorescein in the proximity of the
green fluorescing RGA1 cells. This suggested that Cx30.2 was not expressed by the displaced
amacrine cells coupled to RGA1 cells. We therefore concluded that RGA1 cells most likely
form heterotypic channels with displaced amacrine cells involving Cx30.2 and a yet
unidentified protein.
In Cx30.2lacZ/lacZ mice, coupling of RGA1 cells (Fig. 4C and D; n = 7) was significantly
reduced compared to WT (p < 0.005) and Cx30.2+/lacZ mice (p < 0.002). Again, we used the
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FDG signal (Fig. 4D) to confirm that the injected cell (Fig. 4C) expressed the lacZ reporter
gene.
We also injected the other Cx30.2-expressing ganglion cell types and found that none
of the ganglion cells exhibited tracer coupling (n = 12, not shown) in Cx30.2lacZ/lacZ mice. To
exclude that coupling was abolished due to reasons other than the lack of Cx30.2, we injected
alpha ganglion cells in the same retinae. However, alpha cells exhibited their well-described
coupling pattern (data not shown). Thus, our results show that Cx30.2 mediates the coupling
of at least two different ganglion cell types including the coupling between RGA1 cells and
displaced amacrine cells.

Coupled displaced amacrine cells did not express Cx36, Cx45 or Cx40
Since the displaced amacrine cells coupled to RGA1 cells did not express Cx30.2, we tested
whether the heterotypic gap junctions between these two cell types were made up of Cx30.2
and another known retinal connexin. In the mouse retina, three neuronal connexins (Cx36,
Cx45 and Cx57) have been described so far. Cx57 is exclusively expressed in horizontal cells
of the mouse retina (Hombach et al., 2004). Therefore, we did not test for Cx57 but for Cx36
and Cx45 (Fig. 5).
Cx36 has only been described in one type of amacrine cell: the AII amacrine cell
(Feigenspan et al., 2001; Mills et al., 2001). To test whether Cx36 is the connexin involved in
the heterologous coupling between RGA1 and displaced amacrine cells, we injected RGA1 cells
(n = 4) in Cx36-/- mice (Güldenagel et al., 2001). However, RGA1 cells were still coupled to
displaced amacrine cells (Fig. 5A and D). There was no significant difference between the
coupling in WT (n = 15) and Cx36-deficient mice (n = 4, p > 0.85) with 4.7 ± 2.3 and 4.5 ±
1.5 coupled cells in WT and Cx36-deficient mice, respectively. These results are consistent
with previous findings (Schubert et al., 2005a) and exclude Cx36 as the connexin
participating at the junction between RGA1 and displaced amacrine cells.
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We also tested for Cx45, which is expressed by bipolar cells (Maxeiner et al., 2005;
Dedek et al., 2006), bistratified ganglion cells (Schubert et al., 2005b), and several types of
amacrine cells including one type of displaced amacrine cell (Pérez de Sevilla et al., 2007).
To examine whether Cx45 forms heterotypic channels with Cx30.2, RGA1 cells were tracer
injected in Cx45-deficient mice (Maxeiner et al., 2005). We found that RGA1 cells were still
coupled to displaced amacrine cells in Cx45-deficient mice (n = 3, Fig. 5B and D). Coupling
in WT and Cx45-deficient mice was not significantly different (p > 0.66) indicating that these
heterotypic gap junctions do not involve Cx45.
Another possible candidate connexin is Cx40, since it has been found in bovine and rat
retinae (Matesic et al., 2003) and recently also in the mouse retina (Kihara et al., 2006),
though it is not yet clear in which retinal cells Cx40 is expressed. However, Cx40 is strongly
expressed in mouse heart where it may form heterotypic gap junctions with Cx30.2
(Kreuzberg et al., 2005). To test whether this is also the case for the coupling between
displaced amacrine cells and RGA1 cells, we analyzed this coupling in Cx40-deficient mice
(Kirchhoff et al., 1998). We found that RGA1 cells were still coupled to displaced amacrine
cells in Cx40-deficient mice (n = 3, Fig. 5C and D). The extent of coupling was similar in WT
and Cx40-deficient retinae (p > 0.24), indicating that Cx40 is not involved in the gap junction
between displaced amacrine and RGA1 cells. Instead, our data suggest that an unknown gap
junction protein participates in the coupling between these two cell types.

Modulation of the tracer coupling between RGA1 and displaced amacrine cells
Gap junction coupling of retinal neurons is influenced by different ambient light levels and by
neuromodulators (for review see Weiler et al., 2000) which alter the conductance of gap
junction channels most likely by inducing protein kinase-mediated phosphorylation (Xia &
Mills, 2004; Urschel et al., 2006). To analyze whether the coupling between RGA1 cells and
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displaced amacrine cells is modulated by protein kinases, we tested inhibitors and activators
for both PKA and PKC (Fig. 6).
Again, RGA1 cells were injected with Neurobiotin in WT retinae. The average number
of coupled displaced amacrine cells was 4.8 ± 2.2 (n = 13, Fig. 6A and B). To test for PKAmediated phosphorylation, we incubated retinae prior to injection with the membranepermeable cAMP analog dibutyryl-cAMP (1 mM), which activates PKA. However, the
number of coupled cells was not significantly different from control conditions (Fig. 6A,
control, n = 13, dibutyryl-cAMP, n = 4, p > 0.19). Next, we incubated retinae prior to
injection with forskolin and IBMX, which increase the intracellular cAMP concentration and
thereby activate PKA. However, this treatment also had no impact on tracer spread from
RGA1 cells to displaced amacrine cells (Fig. 6A, forskolin + IBMX, n = 5, p > 0.31). Thus, we
concluded that the Cx30.2-mediated coupling between these cells was not modulated by PKA.
Alpha ganglion cells were used as a control for this study. These cells are coupled to
other cells by Cx36 which is regulated by PKA (Xia & Mills, 2004; Urschel et al., 2006). In
retinae incubated with forskolin and IBMX, tracer spread in alpha ganglion cells was
significantly decreased. However, dibutyryl-cAMP had no effect on these cells (for more
details, see Supplementary Material Fig. 3).
To test for involvement of PKC, we incubated retinae from WT mice prior to injection
with staurosporine, a cell-permeable inhibitor of PKC. We found no difference in the coupling
patterns of RGA1 cells (Fig. 6B, control, n = 13, staurosporine, n = 6, p > 0.77). In contrast,
incubation with the potent PKC activator PDBu led to a significant reduction in the number of
coupled cells (Fig. 6B, PDBu, n = 6, p < 9x10-5). Thus, our results indicate that the
heterotypic coupling between RGA1 and displaced amacrine cells is mediated by Cx30.2 and
an unknown connexin, and may be modulated by PKC, but not by PKA.
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Discussion
In this study, we identified Cx30.2 as a novel connexin in the mouse retina. Using Cx30.2lacZ reporter mice, we found that Cx30.2 is expressed in six different types of ganglion cells.
Among these types were the RGA1 cells (Sun et al., 2002a) which were coupled to displaced
amacrine cells. Coupling between these two cell types was abolished in Cx30.2lacZ/lacZ mice,
was regulated by PKC, and was heterotypic, involving Cx30.2 and an unknown connexin.

Cx30.2 as a novel retinal connexin
Since Söhl et al. (1998) first described the expression of Cx36 in the mouse retina, several
new connexins have been identified in this tissue. Cx36 and Cx45 were assigned to multiple
retinal cell types, whereas Cx57 was found exclusively in horizontal cells (reviewed in Söhl et
al., 2005). In this work, we show for the first time that Cx30.2 is expressed in mouse retinal
neurons, namely in several different types of amacrine and ganglion cells. This confirms
Cx30.2 as a new neuronal connexin in the central nervous system (Kreuzberg et al., 2008).
Cx30.2 is expressed in both inhibitory interneurons (hippocampus, retina) and in projecting
neurons (retina).

Cx30.2 expression in the mouse retina
Cx30.2 expression was observed in cells in the INL and GCL of the mouse retina. Cells
located in the INL corresponded presumably to amacrine cells, based on nucleus size and
location of the lacZ staining with respect to the borders of the INL. Thus, Cx30.2 is a likely
candidate protein for mediating the coupling of different amacrine cell classes (Xin &
Bloomfield, 1997; Wright & Vaney, 2000; Wright & Vaney, 2004).
However, in this work, we focused on the GCL. To identify the Cx30.2-expressing
cells in this layer, we labeled the lacZ-positive neurons in Cx30.2+/lacZ and Cx30.2lacZ/lacZ mice
using a fluorogenic substrate (FDG). Nirenberg & Meister (1997) showed that 95% of all
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lacZ-positive cells could be labeled in this way. With this method, we labeled big subsets of
neurons in each Cx30.2-deficient retina. These subsets did not vary between retinae, and
comprised six different types of Cx30.2-expressing ganglion cells: one type of ON-OFF, three
types of OFF and two types of ON ganglion cells. Interestingly, the bistratified ON-OFF
ganglion cell described in this work resembled the direction-selective RGD2 cell (Sun et al.,
2002a; Weng et al., 2005), which is coupled to other bistratified ganglion cells by Cx45
(Schubert et al., 2005b). This suggests that Cx30.2 and Cx45 might form heteromeric or
heterotypic channels as was shown previously in transfected HeLa cells (Kreuzberg et al.,
2005). Consistent with this idea, Schubert et al. (2005b) reported some residual tracer
coupling in RGD2 cells of Cx45-deficient mice. However, the bistratified ganglion cells
injected in Cx30.2+/lacZ mice never showed tracer coupling.

Cx30.2-mediated tracer coupling in the mouse retina
Only two of the six Cx30.2-expressing ganglion cell types were tracer coupled in Cx30.2+/lacZ
mice: OFF type 1 cells and ON type 2 cells, which correspond to RGA1 cells described by Sun
et al. (2002a). In both cell types, coupling was completely absent in Cx30.2lacZ/lacZ mice
indicating that coupling was mediated by Cx30.2. Surprisingly, the other four ganglion cell
types, including the bistratified RGD2 cell mentioned above, showed no tracer coupling. One
reason for that may be that the amount of Cx30.2 protein was not sufficient to allow for dye
coupling, since cells were injected in mice lacking one Cx30.2 allele (Cx30.2+/lacZ). Another
reason may be that Neurobiotin passes poorly through Cx30.2 gap junctions. This is
supported by the fact that Cx30.2 has the lowest unitary conductance of all connexins studied
to date (Kreuzberg et al., 2005). Passage of Neurobiotin through Cx30.2 channels expressed
in HeLa cells was significantly lower than through Cx43 channels (Kreuzberg et al., 2005).
Thus, lack of coupling in four of the six types of Cx30.2-expressing ganglion cells may be
due to the biophysical properties of Cx30.2 or the lack of one allele for Cx30.2. However, this
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work provides clear evidence that coupling of the OFF type 1 and RGA1 cells was mediated
by Cx30.2.

Gap junction protein of the displaced amacrine cells coupled to RGA1 cells
We focused our study on the coupling of RGA1 cells. Our data strongly suggest that the RGA1
cells are coupled to displaced amacrine cells by heterotypic gap junctions involving Cx30.2
and another connexin that has not yet been unidentified. This conclusion was based on the
following findings: 1) Coupled displaced amacrine cells did not express the lacZ reporter gene
as shown by in vitro staining with FDG. Thus, we excluded that coupled displaced amacrine
cells expressed Cx30.2. 2) Injections with Neurobiotin in Cx36-/- mice (Güldenagel et al.,
2001), Cx45-deficient mice (Maxeiner et al., 2005) and Cx40-/- mice (Kirchhoff et al., 1998)
showed unimpaired tracer coupling between RGA1 and displaced amacrine cells, thereby
confirming that the displaced amacrine cells did not express Cx36, Cx45 or Cx40. Since the
only other known neuronal connexin in the mouse retina, Cx57, is exclusively expressed in
horizontal cells (Hombach et al., 2004), we concluded that the displaced amacrine cells
coupled to RGA1 cells must express a yet unidentified connexin.

Tracer coupling of RGA1 cells is modulated by PKC
During retinal adaptation, the networks of coupled neurons are modulated by light and by
neuromodulators such as dopamine (Hampson et al., 1992; He et al., 2000). These act by
activating protein kinases which can directly or indirectly alter gap junction properties (for
review see Moreno & Lau, 2007). Here we show that the serine/threonine kinase PKC is
involved in the regulation of the Cx30.2-mediated coupling between RGA1 and displaced
amacrine cells. Activation of PKC by PDBu led to a significant decrease in gap junction
coupling. This decrease in coupling might have been caused by direct phosphorylation of
Cx30.2, which harbors several consensus sites for PKC-mediated phosphorylation (web-based
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analysis with NetPhosK 1.0 server). Reduction in connexon permeability by direct PKCmediated phosphorylation has been shown, for example, for Cx43 (Bao et al., 2004).
However, PKC activation might not only have influenced the connexon on the RGA1 cell side
but also the unknown connexin in the coupled displaced amacrine cells. Also, PKC activation
might have had indirect effects which could lead to the observed decrease in coupling.
We also showed that activators of the serine/threonine kinase PKA (dibutyryl-cAMP,
forskolin and IBMX) did not impair the coupling between RGA1 and displaced amacrine cells.
However, PKA has been shown to mediate the phosphorylation of Cx36, and to reduce the
extent of coupling in AII amacrine cells (Xia & Mills, 2004; Urschel et al., 2006) as well as in
alpha ganglion cells (this study, see Supplementary Material Fig. 3).
Thus, our results suggest that different retinal networks are modulated by different
protein kinases. This may reflect the need for a precise control of coupled neuronal networks
to ensure that retinal resolution and sensitivity are adapted optimally to the visual
environment with its changing light conditions.
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Tables
Table 1
big nuclei

small nuclei

-

+

++

-

calretinin

-

+

calbindin + calretinin

-

+/-

parvalbumin + calretinin

-

+/-

calbindin
parvalbumin

Summary of the immunostaining for parvalbumin, calbindin and calretinin in Cx30.2expressing ganglion cells in the mouse retina. Numbers of stained cells ranged from frequent
(++) to zero (-). LacZ-positive ganglion cells were divided into two groups according to their
nucleus size: large nuclei, > 8 µm, small nuclei , < 8 µm.

Figure Legends
Figure 1
Expression of Cx30.2/lacZ in retinae from Cx30.2lacZ/lacZ mice. (A) Expression pattern of the
lacZ reporter gene visualized by staining for beta-galactosidase activity. LacZ staining was
found in amacrine cells in the INL (arrows) and ganglion cells in the GCL. (B) LacZ-positive
cells were distributed evenly over the entire GCL, as shown in the whole mount retina. V, D,
N and T give the ventral, dorsal, nasal and temporal orientation, respectively. (C) High
magnification of the GCL. Big (arrows) and small nuclei (arrowheads) were labeled for betagalactosidase activity. Scale bars: A, 40 µm; B, 1 mm; C, 100 µm.
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Figure 2
Examples of the Cx30.2-expressing ON-OFF and OFF ganglion cell types. Ganglion cells
were injected in retinae from Cx30.2+/lacZ mice and their stratification pattern were
determined. (A) Confocal image of a bistratified ganglion cell injected with Neurobiotin,
showing the dendritic branching pattern in tangential view. This cell type was similar to the
RGD2 cell described by Sun et al. (2002a). (B) Stratification of the bistratified ganglion cell.
Dendrites stratified in strata S2 and S4 of the IPL. (C) Confocal image of the OFF type 1
ganglion cell. Coupled cells are marked with arrowheads. (D) Stratification of OFF type 1
ganglion cells. These cells stratified in stratum S1 of the IPL close to the INL. (E) Confocal
image of the asymmetric OFF type 2 ganglion cell in tangential view. (F) OFF type 2
ganglion cells stratified in stratum 1 of the IPL. (G) Morphology of the OFF type 3 ganglion
cell. These cells had the smallest dendritic fields of all Cx30.2-expressing ganglion cells and
stratified in stratum 1 of the IPL (H). Scale bar: 40 µm.

Figure 3
Examples of the two types of Cx30.2-expressing ON ganglion cells. Ganglion cells were
injected in retinae from Cx30.2+/lacZ mice. (A) Confocal image of the ON type 1 ganglion cell.
(B) These cells stratified in layer S5 of the IPL. (C) Morphology of ON type 2 cells. These
cells were always coupled to displaced amacrine cells. ON type 2 cells corresponded to the
RGA1 cells described by Sun et al., (2002a). Coupled cells are marked with arrows. (D) Soma
of the injected RGA1 cell. (E) The injected cell was positive for FDG, indicating lacZ
expression. (F) Illustration of the stratification pattern of the RGA1 cell. The dendrites of these
cells ramified in stratum S5 of the IPL. Scale bar: 40 µm.
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Figure 4
Coupling between RGA1 and displaced amacrine cells was mediated by Cx30.2. (A) Confocal
image of an RGA1 cell injected in a retina from a Cx30.2+/lacZ mouse. The cell displayed
coupling to three displaced amacrine cells. (B) Same injected RGA1 cell as in (A) showing the
colocalization with the FDG signal (lacZ reporter gene expression). The coupled amacrine
cells did not show the FDG signal and thus did not express Cx30.2. (C) An injected RGA1 cell
in a Cx30.2lacZ/lacZ mouse. Coupling to displaced amacrine cells was completely abolished. (D)
Confocal image showing the same cell as in (C) with colocalization of the FDG signal. (E)
Histogram showing the mean number of coupled displaced amacrine cells in WT, Cx30.2+/lacZ
and Cx30.2lacZ/lacZ mice. Coupling patterns were not significantly different between WT and
Cx30.2+/lacZ mice (WT, n = 15; Cx30.2+/lacZ, n = 9, p > 0.76). In mice lacking both Cx30.2
alleles (Cx30.2lacZ/lacZ mice), coupling of RGA1 cells was completely abolished (n = 7).
Differences to WT (p < 0.005) and Cx30.2+/lacZ mice (p < 0.002) were significant. ** p
values, t-test, p ≤ 0.01, scale bar: 40 µm.

Figure 5
Coupling of RGA1 and displaced amacrine cells was preserved in Cx36-, Cx45- and Cx40deficient mice. (A) RGA1 cell injected in a Cx36-deficient mouse (Güldenagel et al., 2001).
Arrows point to coupled amacrine cells. (B) RGA1 cell injected in a Cx45-deficient mouse
(Maxeiner et al., 2005). (C) Injected RGA1 cell from a Cx40-deficient mouse (Kirchhoff et al.,
1998). (D) Histogram indicating the mean number of displaced amacrine cells coupled to the
injected RGA1 cell in WT, Cx36-/-, Cx40-/- and Cx45-deficient mice. In Cx-deficient mice,
coupling between RGA1 and displaced amacrine cells was not significantly different from WT
(WT, n = 15; Cx36-/-, n = 4; p > 0.85; Cx45fl/fl: Nestin-Cre, n = 3; p > 0.65, Cx40-/-, n = 3; p
> 0.24). Scale bar: 40 µm.
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Figure 6
Tracer coupling between RGA1 and displaced amacrine cells was modulated by PKC but not
by PKA. (A) Test for PKA-mediated phosphorylation: RGA1 cells injected under control
conditions (left), in the presence of dibutyryl-cAMP (middle), and forskolin and IBMX (right)
exhibited their typical tracer spread (bar graph). Coupled cells are marked with arrows. We
found no significant differences in tracer spread under these conditions (control, n = 13,
cAMP, n = 4, p > 0.19; forskolin + IBMX, n = 5, p > 0.31). (B) Test for PKC-mediated
phosphorylation: RGA1 cells injected under control conditions (left), in the presence of
staurosporine (middle) and PDBu (right). Coupled cells are marked with arrows.
Staurosporine did not significantly reduce the tracer spread (bar graph, control, n = 13,
staurosporine, n = 6, p > 0.77). When incubated with PDBu, the number of coupled cells was
significantly reduced (bar graph, PDBu, n = 6, p < 9 x 10-5). ** p values, t-test, p ≤ 0.01,
scale bar: 40 µm.

Supplementary Material
Figure 1
Immunostaining in Cx30.2lacZ/lacZ retinae. Vertical cryosections of Cx30.2lacZ/lacZ retinae were
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immunostained with antibodies against Calbindin (CB), Calretinin (CR), and Parvalbumin
(PV). LacZ expression was tested with an X-gal staining for beta-galactosidase activity. (A)
Staining for lacZ and CB. CB antibodies stained horizontal cells, amacrine cells and bipolar
cells. Some CB-positive cells showed colocalization with the lacZ signal (arrows). (B)
Immunostaining for PV stained ganglion cells and colocalized in big nuclei with the staining
for beta-galactosidase (arrows). (C) Immunostaining for CR. CR labeled ganglion cells and
amacrine cells, and colocalized occasionally with small nuclei positive for lacZ (arrows). (D)
Double immunostaining for CB (green) and CR (red). Only a few ganglion cells showing
beta-galactosidase activity were stained for both CB and CR (arrows). (E) Double
immunostaining for PV (green) and CR (red). Occasionally, some Cx30.2-expressing
ganglion cells showed a colocalization for PV and CR (arrow). Scale bar: 40 µm.

Figure 2
Staining lacZ-expressing retinal cells with FDG from a Cx30.2lacZ/lacZ mouse. The focal plane
is on the GCL. (A) Retinal whole mount (in vivo). The retina was treated with the fluorogenic
beta-galactosidase substrate FDG (3 mg/ml in 2.5% DMSO) to label the lacZ-expressing cells
with dye and facilitate ganglion cell injection. (B) Retinal whole-mount (fixed in 4%
paraformaldehyde). Occasionally, the primary dendrites of the stained neurons can be seen.
Scale bars: A, 20 µm, B, 20 µm.

Figure 3
Tracer coupling of alpha ganglion cells is modulated by PKA in the WT retina. ON alpha
cells were coupled to displaced amacrine cells (7.2 ± 2 cells, n = 4) and OFF alpha cells were
homologously coupled to other alpha cells (2.8 ± 0.9 cells, n = 5) and heterologously to
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amacrine cells located in the INL (7.4 ± 3 cells, n = 5). Alpha ganglion cells injected under
control conditions (A), after incubation with cAMP (B), forskolin + IBMX (C), staurosporine
(D), or PDBu (E). (F) Histogram indicating the number of ganglion cells (GC) coupled to
injected OFF alpha cells. Incubation with forskolin and IBMX led to a significant decrease in
tracer coupling (control, n = 5, forskolin + IBMX, n = 4, p ≤ 0.05). Incubation with
staurosporine, however, had no effect on tracer coupling (control, n = 5, staurosporine, n =2, p
> 0.11). (G) Histogram indicating the number of amacrine cells (AC) coupled to injected
OFF alpha cells. Again, incubation with forskolin and IBMX led to a significant decrease in
tracer spread (control, n = 5, forskolin + IBMX, n = 4, p ≤ 0.05). Staurosporine showed no
effect on coupling extent (staurosporine, n =2, p > 0.31). (H) Histogram indicating the
number of displaced amacrine cells (DAC) coupled to the injected ON alpha cell in WT
retinae. Incubation with forskolin and IBMX decreased the tracer spread (n = 4, p ≤ 0.05)
whereas cAMP (n = 2, p > 0.46) and PDBu (n =2, p > 0.66) did not have an effect. Scale bar:
40 µm.
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Abstract
Mouse horizontal cells are coupled by gap junctions composed of connexin57. These
gap junctions are regulated by ambient light via multiple neuromodulators including
dopamine. We developed antibodies against mouse retinal connexin57 in order to
analyze the distribution and structure of horizontal cell gap junctions and examine the
effects of light adaptation on gap junction density. Using immunohistochemistry in
retinal slices, flat-mounted retinas, and dissociated retinal cells, we showed that
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connexin57 is expressed in the dendrites and axon terminal processes of mouse
horizontal cells. No staining was found in retinas of connexin57-deficient mice.
Significantly more connexin57-positive puncta were found in the distal than in the
proximal outer plexiform layer, indicating a higher level of expression in axon terminal
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processes than in the dendrites. Immunoelectron microscopy confirmed that

rR

connexin57 does not form hemichannels in the horizontal cell dendritic tips. Light
adaptation resulted in a significant increase in the number of connexin57-

ev

immunoreactive plaques in the outer plexiform layer, but had no effect on plaque
size. This study shows for the first time the detailed location of connexin57

iew

expression within mouse horizontal cells, and provides the first ultrastructural data on
mouse horizontal cell gap junctions.
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Introduction
Horizontal cells are tightly coupled by gap junctions, allowing them to collect light
information over a large area of the retina and adjust the gain of the photoreceptors
to different levels of ambient light (reviewed by Kamermans and Spekreijse, 1999;
Thoreson et al., 2008). In addition, evidence from fish retina suggests that
hemichannels located at the tips of horizontal cell dendrites mediate feedback of
horizontal cells onto photoreceptors (Kamermans et al., 2001; Kamermans and
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Fahrenfort, 2004). Gap junctional coupling of the horizontal cell network is regulated
by ambient light (Tornqvist et al., 1988; Baldridge and Ball, 1991; Xin and Bloomfield,
1999), and this regulation is mediated by several neuromodulators via multiple
pathways (Mangel and Dowling, 1985; Pottek and Weiler, 2000; Xin and Bloomfield,

ee

2000). Changes in connexin expression levels (Kihara et al., 2006) and

rR

phosphorylation (Urschel et al., 2006), as well as gap junction structure (Wolburg and
Kurz-Isler, 1985) have been proposed as mechanisms underlying light-dependent

ev

modulation of electrical coupling.

The mouse has one type of horizontal cell, of the axon-bearing B-type morphology

iew

(Suzuki and Pinto, 1986; Peichl and Gonzalez-Soriano, 1994). Mouse horizontal cells
are coupled by connexin57 (Cx57); deletion of the Cx57 coding region almost
completely eliminates tracer coupling (Hombach et al., 2004) and strongly reduces
receptive field size in horizontal cell somata and axon terminals (Shelley et al., 2006).
However, feedback from the horizontal cells to the photoreceptors is intact in Cx57deficient mice (Shelley et al., 2006; Dedek et al., 2008), suggesting that Cx57 does
not form hemichannels at the horizontal cell dendritic tips.
In the retina, functional splicing of the Cx57 coding region results in replacement of
the predicted 25 C-terminal amino acids (Manthey et al., 1999) with 12 different
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amino acid residues coded further downstream (Hombach et al., 2004).
Commercially-available Cx57 antibodies, presumably designed to detect the
originally published C terminus, produced similar labeling in wild-type and Cx57deficient retinas. Antibodies specific for mouse retinal Cx57 are an essential tool for
investigating horizontal cell gap junction structure and function. Therefore, we
generated polyclonal antibodies against 12 C-terminal amino acid residues of mouse
retinal Cx57. These antibodies produced dense, punctate labeling in the outer

rP
Fo

plexiform layer (OPL) in wild-type mice; this labeling was specific for mouse Cx57,
since no labeling was seen in the OPL of retinas from Cx57-deficient mice.
We used our newly-developed antibodies against mouse retinal Cx57 to analyze the
distribution of Cx57 hemichannels within mouse horizontal cells. We also examined

ee

the structure of the dendritic and axon terminal gap junctions using immunoelectron

rR

microscopy. We found high levels of Cx57 expression in dendrites as well as axon
terminal processes, indicating that both networks are coupled by Cx57. Furthermore,

ev

we investigated the effects of dark adaptation on Cx57 plaque size and density. This
study shows for the first time the detailed location of Cx57 expression within mouse

iew

horizontal cells, and provides the first ultrastructural data on mouse horizontal cell
gap junctions.
Materials and methods
C57BL/6 wild-type, Cx57lacZ/lacZ and Cx57+/lacZ mice (C57BL/6 genetic background;
Hombach et al., 2004) aged 2-8 months were used for the experiments. Mice were
maintained under a 12-hour light/dark cycle. All experiments were carried out in
accordance with the institutional guidelines for animal welfare and the laws on animal
experimentation issued by the German government.
Light/dark adaptation
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For experiments examining the specificity of our Cx57 antibodies and the distribution
of Cx57 within the retina, mice were removed from the housing facility 2 hours after
the start of the light phase and killed under normal room lighting.
For experiments examining the effects of ambient light on the Cx57 immunoreactivity
pattern, mice were removed from the housing facility 2 hours after the start of the
light phase. For immunohistochemistry on retinal slices, mice were dark adapted for 4
hours. Eyecups were prepared under dim red light, and left to equilibrate 30 minutes

rP
Fo

in Ames solution. One eyecup from each mouse was subjected to bright white light
(Schott KL 1500, 150 W) for 1 hour, while the second eye from each mouse was kept
in darkness. Eyecups were then fixed under the respective lighting conditions and
processed for immunohistochemistry.

ee

Characterization of connexin57 antibodies and Western blot analysis

rR

Polyclonal Cx57 antibodies were raised in rabbits (Pineda Antibody Service, Berlin,
Germany). The peptide used for immunization comprised 15 amino acid (aa)
(CSMSMILELSSIMKK),

ev

residues

corresponding

the

C-terminal

end

of

the

iew

homologous connexin expressed in fish horizontal cells (U. Janssen-Bienhold,
unpublished observation); the aa residues marked in bold correspond to twelve aa
residues of the C-terminal end of mouse retinal Cx57 (Hombach et al., 2004).
SDS-gel electrophoresis and Western blot analysis were carried out with crude
subcellular fractions (nuclei, membrane, and soluble) prepared from mouse retinas
and HeLa cell homogenates. HeLa cells were transfected with the eukaryotic
expression vector pMJ-Cx57Go (Degen, et al., 2004) containing the coding region for
retinal Cx57 fused C-terminally to that of enhanced green fluorescent protein (EGFP;
theoretical molecular weight of the fusion protein: 82 kDa). The fusion proteins GSTCx57CT (CT: C-terminus; aa 241-492) and GST-Cx57CL (CL: cytoplasmic loop; aa
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101-150) were used as positive and negative controls, respectively; the fusion
proteins were generated using the pGEX-6T vector (Amersham Biosciences,
Braunschweig, Germany) and BL21 E.coli (Amersham Biosciences). Aliquots (60-150
µg of protein or 5 µg of fusion protein) were resuspended in gel-loading buffer
(Laemmli, 1970). Proteins were separated by SDS-PAGE on 8-10% gradient gels
and transferred to nitrocellulose (Optitran BA-S 85, Schleicher Schuell, Dassel,
Germany).
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Enhanced chemiluminescence-mediated immunodetection was carried out following
a standard protocol. Incubation with the rabbit anti-mouse Cx57 (1:1000 in TBSTween: 20 mM Tris/HCl, 150 mM NaCl, 0.2% Tween-20) and mouse anti-EGFP
antibodies (1:15,000; JL-8, BD Biosciences Clontech, Heidelberg, Germany) was

ee

carried out overnight, and immunoreactive proteins were visualized with horseradish

rR

peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG secondary
antibodies (1:3000 in TBS-Tween with 2% powdered milk; Biorad Laboratories,

ev

Munich, Germany) using the Pierce enhanced chemiluminescence detection system
(Pierce, Rockford, IL). In some experiments, the same blots were used for detection

iew

of non-specific immunoreactive proteins. Bound Cx57 antibodies were removed in
two wash steps in a shaking incubator at 37°C for 1 hour each: 1. 10 mM Tris/HCl,
pH 8.8, 1% SDS, 10 mM -mercaptoethanol; 2: 100 mM sodium citrate, pH 3.0, 1%
SDS, 10 mM -mercaptoethanol. After intensive rinsing in TBS-Tween, blots were
blocked again and either probed with the preimmune serum (1:8000) or Cx57
antibodies (1:1000) preadsorbed with the immunization peptide (1 µg/µl stocksolution diluted 1:100).
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Immunohistochemistry with retinal cryosections and whole mounts
For immunohistochemistry of retinal sections, eyecups were fixed with 2%
paraformaldehyde (PFA) for 20 minutes and embedded in Cryoblock (Medite GmbH,
Germany) at -20°C. Vertical cryosections (15 µm) were blocked with 10% normal
goat serum (NGS, Sigma, Deisenhofen, Germany) in Tris-buffered saline containing
0.3% Triton X-100 (TTBS) and then incubated with rabbit anti-Cx57 (1:750 in TTBS)
and monoclonal mouse anti-calbindin (1:8000; Swant, Bellinzona, Switzerland) at 4°
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C overnight. Secondary antibodies (goat anti-rabbit Alexa568; goat anti-mouse
Alexa488, Invitrogen, Karlsruhe, Germany; or goat anti-mouse Cy5, Jackson
Immunoresearch, West Grove, PA), diluted 1:600 in TTBS containing 2% NGS, were
applied at room temperature for 2 hours. Finally, sections were washed in TBS and

ee

mounted in Vectashield (Vector Laboratories, Burlingame, CA).

rR

In some experiments, additional labeling of the cone axon terminal bases with
fluorescein-conjugated peanut agglutinin (FITC-PAG; Vector Laboratories) was

ev

carried out to divide the OPL into proximal and distal layers. This enabled a detailed
analysis of the distribution of Cx57 within the OPL. Immunostained sections were

iew

washed in phosphate-buffered saline (PBS), incubated with FITC-PAG (300 µg/ml) in
PBS containing 1 mg/ml BSA (Sigma) for 1 hour at room temperature, washed, and
mounted in Vectashield.
For whole-mount immunohistochemistry, isolated retinas were fixed in 2% PFA for 20
minutes, washed in TTBS, mounted ganglion cell side up on black filter paper
(Millipore Corporation, Bedford, MA) and blocked with 10% NGS overnight at 4°C.
Immunostaining was performed with the same antibody concentrations and buffer
conditions as for cryosections, but in the presence of 0.02% sodium azide, and the
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incubation times with primary and secondary antibodies were extended to five and
two days, respectively.
Immunohistochemistry on dissociated retinal neurons
Isolated wild-type mouse retinas were dissociated as described previously
(Feigenspan and Weiler, 2004). The resulting cell suspension was plated on
concanavalin-A-coated (1 mg/ml) slides and coverslips, and cells were allowed to
adhere in 5% CO2/55% O2 for 1 hour at 36°C before they were fixed in 2% PFA.
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Fixed cells were washed in TBS, and labeled with Cx57 and calbindin antibodies as
described for cryosections, except that TBS was used for washing instead of TTBS.
Pre-embedding immunoelectron microscopy

ee

For immunoelectron microscopy, eyecups were fixed in 2% PFA in Sörensen’s buffer
(0.1M KH2PO4, 0.1M Na2HPO4) for 30 minutes; retinas were then dissected from the

rR

eyecups and fixed for a further 30 minutes. Following cryoprotection, retinas were
subjected to two 15-minute freeze-thaw cycles in 30% sucrose, at -80°C and room

ev

temperature, respectively, to improve infiltration of antibodies. Finally, retinas were

iew

embedded in 2% Agar 100 Resin (Plano, Wetzlar, Germany) in PBS, and vertical
sections (200 µm) were sliced on a vibratome (Leica, Nussloch, Germany). Slices
were blocked with 10% NGS and incubated with Cx57 antibodies (1:500 in Sörensenbuffer + 0.02% sodium azide) on a shaking platform for five days at 4°C. After several
washes in buffer, slices were incubated with secondary antibodies (biotinylated goat
anti-rabbit IgG, Vector Laboratories; 1:250), at 4°C for 2 days, washed, and Cx57
binding sites were detected with the VectaStain Elite ABC Kit (Vector Laboratories).
Slices were incubated in 0.05% 3,3-diaminobenzidine (Sigma) activated by H2O2.
Slices were washed and postfixed in 2.5% glutaraldehyde and 1% PFA, subjected to
silver intensification, as described elsewhere (Sassoe-Pognetto et al., 1994), and
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fixed in 1% OsO4. Slices were dehydrated in increasing acetone concentrations (30–
100%) and embedded in Epon 812. Ultrathin sections were analyzed and
photographed on a Zeiss 902 electron microscope.
Fluorescent image acquisition and statistical analysis
Confocal micrographs of fluorescent specimen were taken with a Leica TCS SL
confocal microscope. Scanning was performed with a 63x/1.32 Plan-Apochromat
objective at a resolution of 1024 x 1024 or 128 x 1024 pixels. Scans of different

rP
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wavelengths were done sequentially to rule out cross talk between red, green, and
blue (far-red) channels. Images are presented either as single scans of 0.2 µm or
projections of stacks of 2-10 x 0.2 µm scans. To evaluate colocalization, images were
superimposed and adjusted in brightness and contrast using either Photoshop 7.0

ee

(Adobe, San Jose, CA) or ImageJ.

rR

Plaque distribution and size were analyzed with ImageJ. Cryosections triple-labeled
for Cx57, calbindin and FITC-PAG were used to analyze the plaque distribution in the

ev

OPL. Regions of 70 x 60 pixels were divided horizontally along the FITC-PAG-

iew

labeled cone pedicle bases, and plaques were counted in the distal (upper 70 x 30
pixels) and proximal (lower 70 x 30 pixels) halves of the OPL.

The analysis of Cx57 plaques in light- and dark-adapted retinas was performed with
retinal cryosections within ~2 mm of the optic disk, and images were taken at a
maximum distance of 1 mm from the section center. Cx57 plaques were counted in
12 regions of 150 x 150 pixels (1211 µm2) per retinal section. Light- and darkadapted sections were placed on the same slide and incubated under identical
conditions.
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Results
Cx57 is expressed exclusively in retinal horizontal cells in the mouse nervous system
(Hombach et al., 2004). We generated polyclonal antibodies against 12 C-terminal
amino acid residues of mouse retinal Cx57 in order to determine the distribution of
Cx57 hemichannels within the horizontal cell.
Specificity and characterization of Cx57 antibodies
Specificity

of

the

affinity-purified

Cx57

antibodies

was

tested

using

rP
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immunohistochemistry and Western blot analysis in wild-type and Cx57-deficient
mouse retinas. In cryosections of wild-type (Cx57+/+) retinas, immunofluorescent
puncta were observed in the OPL. This immunoreactivity pattern was reduced in

ee

heterozygous (Cx57+/-) mice, and completely absent in homozygous Cx57-deficient
mice (Cx57-/-; Fig. 1A). Sparse immunosignals were observed occasionally in the

rR

inner nuclear and ganglion cell layers, but these were considered non-specific, since
they were also present in Cx57+/- and Cx57-/- retinas. Staining in the OPL of wild-type

ev

retinas was absent when the sections were incubated in the pre-immune serum or

iew

Cx57 antibodies preadsorbed with the immunization peptide.

Specificity of Cx57 antibodies was also tested using Western blot analysis. One
protein with a molecular weight of approximately 54 kDa was labeled in the
membrane fraction of the wild-type retina; this protein was not detected by the
antibodies in the two samples derived from Cx57-deficient mice (Fig. 1B, black
asterisk). This 54 kDa protein was weakly detected in retinal homogenates and not
detected in nuclear and soluble fractions of wild-type mouse retinas (Fig. 1C); this
protein was also not detected by the pre-immune serum (Fig. 1D). A Cx57 Cterminus-GST fusion protein (GST-Cx57CT; aa 241-492), with an expected molecular
weight of approximately 55 kDa, served as a positive control (Fig. 1B, E; CT). A
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Cx57-GST fusion protein of approximately 33 kDa, containing the cytoplasmic loop of
Cx57 (GST-Cx57CL; aa 101-150), served as a negative control, and was not
detected by the Cx57 antibodies. Cross-reactivity of the Cx57 antibodies with Cx46
and Cx50, which are expressed in the lens (White et al., 1992; Rong et al., 2002) and
in A-type horizontal cells of the rabbit (Cx50; O’Brien et al., 2006), was ruled out (Fig.
1B). These data indicate that the labeled protein is mouse retinal Cx57.
In addition to the band at 54 kDa, some additional bands are also seen on the blots.
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These extra bands may arise from protein dimerization, phosphorylation, or
dephosphorylation, which alter the molecular weight of the protein. Potential dimers
are indicated with an asterisk in Figure 1C, D. In addition, Cx57 may bind to other
proteins, which would also alter the effective molecular weight on the blot. In retinal

ee

membrane samples, the antibodies labeled several proteins with molecular weights

rR

larger than 55 kDa; this labeling was seen in membrane samples derived from both
wild-type and Cx57-/- retinas (Fig. 1B). In addition, some bands differed between wild-

in addition to Cx57.

iew

ev

type and Cx57-deficient retinas, suggesting that the antibody may bind other proteins

To identify proteins in addition to Cx57 which may interact with our Cx57 antibody,
we performed a BLAST search of the UniProt Knowledgebase rodentia database.
Mouse retinal Cx57 is not yet in the UniProt database, and differs in its C terminus
from the mouse Cx57 found in the database. Therefore, the highest hits generated by
BLAST searches were for unrelated proteins. No protein had more than 7 amino
acids in common with our 15-amino acid antibody. Most of these potential interaction
partners were cytosolic proteins, such as acetyl-CoA synthetase 1 (6 aa of 7; 78.8
kDa) and ADP-ribosylation factor-like protein 9 (6 aa of 7; 150 kDa). The only
membrane-associated proteins that were recognized as possible interaction partners,
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among the top 30 hits, were retinal short chain dehydrogenase reductase-similar
protein (7 aa from 11; 35 kDa) and interleukin-6 receptor subunit beta precursor (6 aa
of 7; 102.5 kDa). Another possible interaction partner of potential interest, because of
its molecular weight and cellular function, is the cytoskeleton protein catelin-like
protein 1 (6 aa of 6; 81.5 kDa), which is involved in adhesion junctions. Therefore,
there are several potential interaction partners for our antibody, but none which is
recognized with such affinity as Cx57.
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To further underscore the specificity of our antibodies, we transfected HeLa cells with
a Cx57-EGFP fusion protein. In lysates of Cx57eGFP-transfected HeLa cells, but not
in non-transfected controls, the Cx57 antibodies detected a protein of the expected
size of approximately 82 kDa (Fig. 1E). This protein was also detected by an EGFP

ee

antibody after stripping and reprobing the blot (Fig. 1E).

rR

In conclusion, we have several lines of evidence which indicate that our antibodies
are specific for mouse retinal Cx57: 1. Immunohistochemistry in retinal slices

ev

produces clear, punctate labeling in the outer plexiform layer, which is absent in the
Cx57-deficient mouse (Fig. 1A). 2. The antibody detects a protein of 54 kDa on

iew

Western blots of wild-type retina samples, which is not detected in Cx57-deficient
retinas. 3. Western blots of HeLa cells transfected with a Cx57-EGFP fusion protein
produced a clear band at the correct molecular weight, which was absent in nontransfected cells (Fig. 1E). 4. BLAST searches of the UniProt Knowledgebase
rodentia database did not generate any matches with more than 7 identical amino
acids.
Immunohistochemical localization of Cx57 in the OPL
We used immunohistochemistry on retinal cryosections, dissociated retinal cells, and
whole-mounted retinas to examine in detail the location of Cx57 expression within the
John Wiley & Sons
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horizontal cell. Antibodies against calbindin were used as a marker for horizontal
cells (Haverkamp and Wässle, 2000). In retinal slices, Cx57-immunoreactive plaques
were found in the OPL co-localized with or directly neighboring calbindin-positive
horizontal cell processes; little Cx57 immunoreactivity was observed on horizontal
cell somata (Fig. 2A). Cx57 plaques had a mean area of 0.41 ± 0.02 µm2 (± SE; n =
4); there was no obvious difference in plaque size between central and peripheral
retina.
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Next we examined the distribution of Cx57 labeling in dissociated horizontal cell
somata and axon terminals. Horizontal cells could be distinguished from other
neurons by their morphology (Feigenspan and Weiler, 2004); cell type was confirmed
by calbindin labeling. Cx57-immunoreactive puncta were found along the length of

ee

horizontal cell axon terminals (Fig. 2B, C) and dendrites (Fig. 2D, E). Along the distal

rR

dendrites and axon terminal processes, Cx57 plaques often resembled pearls on a
string (Fig. 2C, E). Isolated cone photoreceptors, bipolar and ganglion cells were not

ev

labeled by the Cx57 antibodies.

Next, we examined in detail the distribution of Cx57 immunoreactivity in the OPL, to

iew

determine whether there are quantitative differences in Cx57 expression levels
between the dendro-dendritic and axo-axonal networks. We used FITC-conjugated
peanut agglutinin (FITC-PAG), which labels cone pedicle bases (Hack and Peichl,
1999; Haverkamp et al., 2001), to divide the OPL into inner and outer halves; we
then counted the Cx57 plaques in each half of the OPL. Image stacks of an FITCPAG-labeled retinal section co-labeled for Cx57 are shown in Figure 3A-C. There
was significantly more Cx57 staining above the midline of the OPL (6 ± 0.03
plaques/100 µm2; mean ± SE; 63%) than below (3.5 ± 0.03 plaques/100 µm2; 37%; n
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= 3 retinas; p<0.001). These data suggest that Cx57 expression is higher in the
horizontal cell axon terminals than in the dendrites.
This finding was confirmed in whole mount preparations labeled for calbindin and
Cx57. We examined the distribution of Cx57 at three different sublayers of the OPL,
as shown in Figure 3D-F. In the proximal OPL, numerous Cx57 plaques were found
concentrated at dendritic intersections. Few Cx57 plaques were seen on horizontal
cell somata (Fig. 3D). Fine, distal dendritic processes and major axon terminal

rP
Fo

branches stratify in the center of the OPL, near the photoreceptor terminals. Cx57
plaques were much more plentiful at this level (Fig. 3E). The ends of the axon
terminal branches are located in the most distal part of the OPL. At this level, Cx57
immunoreactivity was evident primarily between terminal processes, and only

ee

partially co-localized with calbindin (Fig. 3F).
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Ultrastructural distribution of Cx57 in the OPL

Horizontal cell gap junctions have been described at the ultrastructural level in cat,

ev

rabbit, and monkey retinas (Kolb, 1974; 1977; Raviola and Gilula, 1975), but these

iew

structures have not been described in the mouse retina to date. To fill this gap, and
to confirm that Cx57 does not form hemichannels in the horizontal cell dendritic tips,
we performed immunoelectron microscopy with our newly-developed antibodies
against Cx57.
Gap junctions are recognizable by the close apposition of cell membranes from
neighboring cells. Cx57 immunoreactivity was observed in gap junctions between
horizontal cell dendrites (Fig. 4A) and axon terminal processes (Fig. 4C). Cx57positive gap junctions between dendrites were slightly smaller in length (85.4 ± 25.8
nm; mean ± SD; n = 14 gap junctions) than those between axon terminal processes
(101.2 ± 23.7 nm; n = 12). Dendritic Cx57-positive gap junctions displayed prominent
John Wiley & Sons
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submembranous immunoreactivity along the adjoining membranes. Gap junctions
were flanked with zonula adherens, as shown previously for dendritic gap junctions in
cat (Kolb, 1974, 1977) and turtle (Witkovsky et al., 1983; Kolb and Jones, 1984).
Zonula adherens also displayed Cx57 immunoreactivity, suggesting a reservoir of
hemichannels in the apposing membranes, presumably in preparation for docking.
Several Cx57-positive regions were observed which did not resemble the
characteristic septalaminar ultrastructure of gap junctions; these may represent

section.
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hemichannels in zonula adherens which flank gap junctions located in an adjacent

Cx57 immunoreactivity in axon terminals was restricted almost exclusively to the gap
junctions (Fig. 4C). There was no prominent staining in the apposing membranes

ee

flanking the gap junction, like that observed in dendritic gap junctions. We frequently

rR

observed a row of two or more small Cx57-positive gap junctions separated by small
gaps. This feature was observed in dendro-dendritic and axo-axonal gap junctions,

ev

and was regarded as specific for two reasons: the distribution was similar to that
observed on dendrites and axon terminals of dissociated horizontal cells (Fig. 2B, D);

iew

and Cx57 immunoreactivity was absent in the OPL of Cx57-deficient retinas (Fig. 4B,
D). In Cx57-deficient retinas, membranes of horizontal cell dendrites (Fig. 4B) and
axon terminals (Fig. 4D) narrowed at some regions along the processes, but did not
exhibit the characteristic septalaminar structure of gap junctions, and were not
labeled by Cx57 antibodies.
To find out whether Cx57 forms hemichannels at horizontal cell dendritic tips within
the photoreceptor terminals, we examined Cx57 immunoreactivity in tangential
sections through the photoreceptor terminals (Fig. 5). Diffuse cytoplasmic staining
was detected occasionally within profiles flanking the rod spherules (Fig 5A).
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However, this was regarded as non-specific, since it was also observed in control
samples not incubated with the primary antibodies (Fig. 5E). Membrane and
cytoplasmic labeling of axon terminal processes flanking the synaptic ribbon in rod
spherules was also regarded as non-specific, because these staining patterns were
detected in both wild-type and Cx57-deficient retinas (Fig. 5A, B). No Cx57
immunolabeling was detected associated with the membranes of horizontal cell
terminal dendrites within the cone pedicles (Fig. 5C, wild type: n = 2; Fig. 5D, Cx57-

pedicle.
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deficient: n = 2), indicating that Cx57 does not form hemichannels within the cone

Cx57 expression is modulated by light

ee

Horizontal cell coupling is modulated by ambient light (Tornqvist et al., 1988;
Baldridge and Ball, 1991; Xin and Bloomfield, 1999) via modulators such as

rR

dopamine (Mangel and Dowling, 1985; Perlman and Ammermüller, 1994; He et al.,
2000). To determine whether light-mediated modulation of Cx57-containing gap

ev

junctions is reflected in changes in Cx57 expression, we examined the Cx57

iew

immunoreactivity patterns in retinal sections from light- and dark-adapted wild-type
mouse retinas (Fig. 6). Light adaptation resulted in a significant increase in the
number of Cx57-immunoreactive plaques in the OPL (light-adapted: 3.59 ± 0.19
plaques/100 µm2; dark-adapted: 1.46 ± 0.08; mean ± S.E.; n = 4 retinas per
condition; p < 0.001; Fig. 6C). We also analyzed the effects of light adaptation on
Cx57 plaque size. Although the plaques in light-adapted retinas appeared to produce
more immunofluorescence than in dark-adapted retinas (compare insets 6A, B), no
significant difference in plaque size was found (light-adapted: 0.41± 0.02 µm2; darkadapted: 0.37 ± 0.01 µm2; n = 4 retinas per condition; p > 0.1; Fig. 6D).
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Discussion
The B-type horizontal cell has a large cell body connected by a long, thin axon to a
highly-branched axon terminal; these two cellular compartments form separate
coupled networks. In this study, we show for the first time the detailed distribution of
Cx57 within the two compartments of the mouse horizontal cell, and demonstrate
modulation of Cx57 expression by ambient light. Furthermore, we rule out Cx57 as a
candidate for hemichannel-mediated feedback to photoreceptors.
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Cx57 expression on horizontal cell dendrites and axon terminals
Cx57 is expressed along the length of the horizontal cell dendrites and axon terminal
branches, indicating extensive gap junction formation along these processes. The

ee

increase in connexin density from central retina to periphery reported in rabbit
horizontal cells (O’Brien et al., 2006) was not observed in the mouse. This probably

rR

reflects the constant horizontal cell dendritic field size across the retina in the mouse
(Raven and Reese, 2002); the increase in connexin density in rabbit is thought to

ev

compensate for the decline in cell density from center to periphery (O’Brien et al.,

iew

2006). The number of gap junctions per unit area of horizontal cell dendritic field is
therefore invariant across the retina in both mouse and rabbit.

Our data showed that Cx57 expression is higher in the horizontal cell axon terminals
than in the dendrites. This contradicts tracer coupling data, which shows that
coupling is much stronger between mouse horizontal cell somata than between axon
terminals (J. Trümpler, unpublished observations). This discrepancy may arise from
the extensive branching of the axon terminal system, which results in a larger volume
compared to the somatic network. Because of the larger volume, diffusion of tracer
within axon terminals should be slower than within somata. Thus a higher level of
Cx57 expression may be required to effectively couple the axon terminal system.
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The ultrastructural morphology of horizontal cell gap junctions has been examined
electron microscopically in rabbit, cat, and monkey (Kolb, 1974, 1977; Raviola and
Gilula, 1975). Our immunoelectron microscopic data provide the first description of
these structures in the mouse retina. Dendritic gap junctions were smaller than those
between axon terminal processes. Cx57 immunoreactivity was observed at sites
along the dendritic membrane which were not involved in gap junctions; this non-gap
junctional staining was not seen in axon terminals, and may represent hemichannel
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reservoirs which flank gap junctions in neighboring sections. A recent study using
fluorescent immunohistochemistry showed Cx57 immunoreactivity located near
bassoon-labeled rod spherules; that study proposed that horizontal cell axon
terminals form gap junctions within the rod spherules (Ciolofan et al., 2007).

ee

However, on the electron microscopic level, Cx57 staining was not seen inside the
rod spherules or cone pedicles.
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On the functional role of Cx57 in mouse horizontal cells

ev

The physiological role of the coupling of the horizontal cell network is not completely
understood. For several decades, horizontal cell coupling was thought to mediate the

iew

surround antagonism of ganglion cell receptive fields (Werblin and Dowling, 1969;
Mangel and Dowling, 1985). However, a recent study by Dedek et al. (2008) showed
that ganglion cell receptive fields are unaltered in Cx57-deficient mice, suggesting
that horizontal cell coupling is not involved in surround formation. The tight coupling
of the horizontal cells allows the network to collect light information over a large area
of the retina; feedback from horizontal cells to photoreceptors thus likely serves to
adjust the gain of the photoreceptors to different levels of ambient light (reviewed by
Kamermans and Spekreijse, 1999). In addition to the feedback to cone
photoreceptors, horizontal cell feedback to rods was recently demonstrated in
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salamander retina (Thoreson et al., 2008). Thus, it is possible that the somatic and
axon terminal networks in the mouse retina provide distinct feedback signals to cone
and rod photoreceptor cells. This idea is underscored by the strong depolarizing
rollback seen in the light responses of axon terminals in the mouse retina (Trümpler
et al., 2008).
Horizontal cell coupling is modulated by ambient light in a triphasic manner: at low
and high light levels, coupling is reduced, while at intermediate light levels, coupling

rP
Fo

is maximal (Xin and Bloomfield, 1999). This modulation is mediated by multiple
neuromodulators, including dopamine (Mangel and Dowling, 1985; Perlman and
Ammermüller, 1994; He et al., 2000), retinoic acid (Weiler et al., 1998; Pottek and
Weiler, 2000), and nitric oxide (DeVries and Schwartz, 1989; Pottek et al., 1997; Lu

ee

and McMahon, 1997; Xin and Bloomfield, 2000). All of these neuromodulators reduce

induced modulation.

ev

rR

horizontal cell coupling, suggesting multiple distinct pathways for dark- and light-

These pathways may involve distinct mechanisms. For example, retinoic acid may
interact directly with the gap junction proteins, or with nearby proteins in the

iew

membrane, thus modulating the gating of the gap junctions (Weiler et al., 2000).
Alternatively, coupling can be modulated by altering the expression levels of the gap
junction proteins. Dark adaptation has been shown to reduce the expression level of
Cx57 in the mouse retina (Kihara et al., 2006). Furthermore, freeze fracture studies in
fish horizontal cells have demonstrated a correlation between connexon density and
adaptational state: dark adaptation resulted in smaller gap junctions with higher
connexon densities than found following light adaptation (Wolburg and Kurz-Isler,
1985). Thus it is likely that the reduction in Cx57 fluorescence that we observed
following dark adaptation results from changes in gap junction structure as well as
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expression levels. Further work will be needed to show which neuromodulators
trigger these changes in gap junction expression and structure.
It is interesting to note that this array of mechanisms for uncoupling horizontal cells is
conserved across species. The morphology and subtypes of horizontal cells vary
widely across species, but dopamine and retinoic acid modulate their coupling in all
species studied to date (reviewed by Weiler et al., 2000). Thus these multiple
mechanisms likely reflect distinct pathways driven by common environmental factors.
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For example, changes in expression levels take place very slowly, and are more
suitable as a response to changes in ambient light over the course of the day than to
fast changes triggered by, for example, stepping out from a dark cave. Accurate
responses to these rapid changes would be better achieved by changes in channel

ee

gating, which is much faster. Dopamine causes rapid changes in horizontal cell

rR

coupling by indirectly altering gap junction gating; activation of D1 receptors leads to
an increase in cyclic AMP, which in turn leads to phosphorylation of gap junctional

ev

proteins by protein kinase A (reviewed by Dowling, 1991). Retinoic acid also causes
fast changes in horizontal cell coupling, but its role in development suggests that it

iew

may also have unknown long-term effects on cell coupling; retinoic acid is known to
act via nuclear receptors to alter gene expression (reviewed by Hyatt and Dowling,
1997). Thus it is possible that retinoic mediates the light-induced changes in
expression seen in this study.
Increasing evidence suggests that hemichannels located in the horizontal cell
terminal dendrites mediate feedback to the photoreceptors (Kamermans et al., 2001).
In this ephaptic mechanism, current flow through hemichannels results in a local
extracellular voltage drop in the synaptic cleft. ZfCx55.5 has been proposed for this
role in the zebrafish retina (Shields et al., 2007). Cx57 is unlikely to play a role in

John Wiley & Sons

Page 21 of 34

Journal of Comparative Neurology

21
horizontal cell feedback to the photoreceptors for several reasons: 1. Mouse Cx57 is
homologous to zebrafish Cx52.6, which forms gap junctions between horizontal cells
in the zebrafish (Shields et al., 2007) as Cx57 does in mouse; ZfCx52.6 is not
involved in hemichannel-mediated feedback, making it unlikely that the mouse
homolog Cx57 plays this role. The mouse homolog of zfCx55.5, which forms
hemichannels in zebrafish (Shields et al., 2007) has not yet been identified. 2. In both
wild-type and Cx57-deficient mice, horizontal cell light responses show a distinct roll-
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back, which is associated with feedback (Shelley et al., 2006); thus it is unlikely that
Cx57 plays a role in feedback. 3. Blocking horizontal cell feedback by low-dosage
cobalt results in a shift in ganglion cell tuning to lower frequencies in both wild-type
and Cx57-deficient mice (Dedek et al., 2008), indicating that the feedback

ee

mechanism is still in place in the absence of Cx57. 4. Our immunoelectron
microscopy data show that Cx57 is not expressed in the dendritic tips located in the

rR

photoreceptor terminals. Similar results were demonstrated in B-type horizontal cells
in the rabbit retina: Cx57 is expressed along axon terminal processes, but not at the

ev

tips of these processes in the photoreceptor terminals (Cha, J., ARVO Abstract 3047,

iew

2008).

Development of horizontal cells has been shown to be unimpaired in Cx57-deficient
mice: dendritic morphology and mosaic distribution were comparable to those in wildtype retinas (Shelley et al., 2006). This indicates that gap junctions are not required
for fine tuning of dendritic coverage of the retina. Reese et al. (2005) showed that
horizontal cell position and dendritic field size are determined by the proximity to
neighboring horizontal cells, suggesting that cell contact is crucial. Our electron
microscopic images of the Cx57-deficient retina revealed frequent sites along
neighboring horizontal cell processes at which the two membranes draw close
together, forming what resemble adherent junctions. Such structures have also been
John Wiley & Sons
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observed between monkey horizontal cells (Raviola and Gilula, 1975). Cell-cell
interaction proteins have been proposed to help developing retinal neurons find each
other within the heterogeneous cell pool (Honjo et al., 2000). Differential expression
of cadherins by different cell populations in the retina (Nagae et al., 2007), and
defective amacrine cell spacing in mice lacking Down syndrome cell adhesion
molecule (Fuerst et al., 2008) support this hypothesis. Thus it is likely that formation
of the horizontal cell network is modulated primarily by external guiding signals and
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Fo

cell adhesion molecules, and that the role of gap junctional communication in network
development is secondary.
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Figure 1. The Cx57 antibodies are specific for mouse retinal Cx57. A: Specificity in
retinal cryosections. The Cx57 antibodies produced dense, punctate labeling in the
outer plexiform layer of the wild-type mouse retina (Cx57+/+). This labeling was
absent in the Cx57-deficient retina (Cx57-/-). An intermediate expression level was
seen in heterozygous retinas (Cx57+/-). Sparse labeling in the inner nuclear layer
was unspecific. Scale bar: 40 µm. B: Specificity of Cx57 antibodies in Western blots.
A protein of 54 kDa was labeled in membrane samples from wild-type mouse retina
(WT; black asterisk); this protein was not detected in samples from Cx57-deficient
mice (KO). CT: A Cx57 C-terminus-GST fusion protein, with an expected molecular
weight of 55 kDa, served as a positive control (white asterisk). Le: Cross-reactivity of
the Cx57 antibodies with connexins expressed in the lens was excluded. C: Cx57
was detected in the membrane fraction from wild-type retinas (M), but not in the
nuclear (N) or soluble (S) fractions. Minimal labeling was observed in the total
homogenate (TH). Bands representing Cx57 and its potential dimer are labeled with
black asterisks. D: Labeling was absent when the blot was incubated with the preimmune serum. E: In lysates of Cx57eGFP-transfected HeLa cells (lane 2), but not in
non-transfected controls (lane 1), the Cx57 antibodies detected a protein of the
expected size of approximately 82 kDa (left panel, white star). This protein was also
detected by an EGFP antibody after stripping and reprobing the blot (right panel). CT:
A Cx57 C-terminus-GST fusion protein, was detected by the Cx57 antibodies (white
asterisk), but not by the EGFP antibodies.
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Figure 2. Localization of Cx57 (magenta) in a retinal section (A), an isolated
horizontal cell axon terminal (B) and soma (D) labeled with calbindin (green). Each
image comprises a single optical section of 200 nm thickness. C: High magnification
of box in B; E: high magnification of box in D. Scale bars A,B,D: 20 µm; C,E: 10 µm.
Figure 3. Distribution of Cx57 within the outer plexiform layer (OPL). A-C:
Quantification of Cx57 puncta in the distal and proximal OPL. Image stack of retinal
sections labeled for Cx57 (A, magenta) and FITC-conjugated peanut agglutinin
(FITC-PAG; B, green). C: Overlay of A and B. There was significantly more Cx57
staining above the PAG-labeled pedicle bases (arrow) than below (arrowhead). D-F:
Distribution of Cx57 in three sublayers of the OPL of a calbindin-labeled wholemounted retina. D: proximal OPL; E: center of the OPL near the photoreceptor
terminals; F: distal OPL. Scale bars: A-C: 20 µm; D-F: 10 µm.
Figure 4. Cx57 immunoreactivity in gap junctions (asterisks) between horizontal cell
dendrites (A) and axon terminal processes (C) in the wild-type retina. Dendritic gap
junctions were flanked with zonula adherens (arrowheads), which also displayed
Cx57 immunoreactivity. Several Cx57-positive regions were observed which did not
resemble the characteristic septalaminar ultrastructure of gap junctions (arrows in A).
In Cx57-deficient retinas, membranes of horizontal cell dendrites (B) and axon
terminals (D) narrowed at some regions along the processes (arrowheads), but did
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not exhibit the characteristic structure of gap junctions, and were not labeled by Cx57
antibodies. Scale bars: 100 nm.
Figure 5. No Cx57 immunoreactivity was seen within rod spherules (A, B) or cone
pedicles (C, D) of wild-type (A, C) or Cx57-deficient mice (B, D). Diffuse, non-specific
cytoplasmic staining was detected occasionally within a few of the profiles flanking
the photoreceptor terminals (arrowhead in A, E). E, F: Rod spherule and cone pedicle
from a wild-type retina without primary Cx57 antibody. Asterisks indicate invaginating
horizontal cell processes. Scale bars: A, B, E: 250 nm; C, D, F: 500 nm.
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Figure 6. Cx57 immunoreactivity pattern is modulated by ambient light. Image stacks
of light- (A) and dark-adapted (B) retinal sections labeled with Cx57 antibodies.
Insets: high magnification of boxed regions in A and B. Scale bar: 5 µm. C: Light
adaptation resulted in a significant increase in the number of Cx57-immunoreactive
plaques in the OPL (light-adapted: 3.59 ± 0.19 plaques/100 µm2; dark-adapted: 1.46
± 0.08 ; mean ± S.E. ; n = 4 retinas per condition; p < 0.001; t-test). D: No significant
difference in plaque size was found (light-adapted: 0.41± 0.02 µm2; dark-adapted:
0.37 ± 0.01 µm2; mean ± S.E.; n = 4 retinas per condition; p > 0.1).
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Figure 1. The Cx57 antibodies are specific for mouse retinal Cx57. A: Specificity in retinal
cryosections. The Cx57 antibodies produced dense, punctate labeling in the outer
plexiform layer of the wild-type mouse retina (Cx57+/+). This labeling was absent in the
Cx57-deficient retina (Cx57-/-). An intermediate expression level was seen in
heterozygous retinas (Cx57+/-). Sparse labeling in the inner nuclear layer was
unspecific. Scale bar: 40 +m. B: Specificity of Cx57 antibodies in Western blots. A protein
of 54 kDa was labeled in membrane samples from wild-type mouse retina (WT; black
asterisk); this protein was not detected in samples from Cx57-deficient mice (KO). CT: A
Cx57 C-terminus-GST fusion protein, with an expected molecular weight of 55 kDa,
served as a positive control (white asterisk). Le: Cross-reactivity of the Cx57 antibodies
with connexins expressed in the lens was excluded. C: Cx57 was detected in the
membrane fraction from wild-type retinas (M), but not in the nuclear (N) or soluble (S)
fractions. Minimal labeling was observed in the total homogenate (TH). Bands
representing Cx57 and its potential dimer are labeled with black asterisks. D: Labeling
was absent when the blot was incubated with the pre-immune serum. E: In lysates of
Cx57eGFP-transfected HeLa cells (lane 2), but not in non-transfected controls (lane 1),
the Cx57 antibodies detected a protein of the expected size of approximately 82 kDa (left
panel, white star). This protein was also detected by an EGFP antibody after stripping and
reprobing the blot (right panel). CT: A Cx57 C-terminus-GST fusion protein, was detected
by the Cx57 antibodies (white asterisk), but not by the EGFP antibodies.
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Figure 2. Localization of Cx57 (magenta) in a retinal section (A), an isolated horizontal
cell axon terminal (B) and soma (D) labeled with calbindin (green). Each image
comprises a single optical section of 200 nm thickness. C: High magnification of box in B;
E: high magnification of box in D. Scale bars A,B,D: 20 +m; C,E: 10 +m.
172x111mm (300 x 300 DPI)
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Figure 3. Distribution of Cx57 within the outer plexiform layer (OPL). A-C: Quantification
of Cx57 puncta in the distal and proximal OPL. Image stack of retinal sections labeled for
Cx57 (A, magenta) and FITC-conjugated peanut agglutinin (FITC-PAG; B, green). C:
Overlay of A and B. There was significantly more Cx57 staining above the PAG-labeled
pedicle bases (arrow) than below (arrowhead). D-F: Distribution of Cx57 in three
sublayers of the OPL of a calbindin-labeled whole-mounted retina. D: proximal OPL; E:
center of the OPL near the photoreceptor terminals; F: distal OPL. Scale bars: A-C: 20 +m;
D-F: 10 +m.
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Figure 4. Cx57 immunoreactivity in gap junctions (asterisks) between horizontal cell
dendrites (A) and axon terminal processes (C) in the wild-type retina. Dendritic gap
junctions were flanked with zonula adherens (arrowheads), which also displayed Cx57
immunoreactivity. Several Cx57-positive regions were observed which did not resemble
the characteristic septalaminar ultrastructure of gap junctions (arrows in A). In Cx57deficient retinas, membranes of horizontal cell dendrites (B) and axon terminals (D)
narrowed at some regions along the processes (arrowheads), but did not exhibit the
characteristic structure of gap junctions, and were not labeled by Cx57 antibodies. Scale
bars: 100 nm.
154x137mm (600 x 600 DPI)

John Wiley & Sons

Page 32 of 34

Page 33 of 34

Journal of Comparative Neurology

r
Fo
er

Pe
ew

vi

Re
Figure 5. No Cx57 immunoreactivity was seen within rod spherules (A, B) or cone
pedicles (C, D) of wild-type (A, C) or Cx57-deficient mice (B, D). Diffuse, non-specific
cytoplasmic staining was detected occasionally within a few of the profiles flanking the
photoreceptor terminals (arrowhead in A, E). E, F: Rod spherule and cone pedicle from a
wild-type retina without primary Cx57 antibody. Asterisks indicate invaginating
horizontal cell processes. Scale bars: A, B, E: 250 nm; C, D, F: 500 nm.
160x228mm (300 x 300 DPI)
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Figure 6. Cx57 immunoreactivity pattern is modulated by ambient light. Image stacks of
light- (A) and dark-adapted (B) retinal sections labeled with Cx57 antibodies. Insets:
high magnification of boxed regions in A and B. Scale bar: 5 +m. C: Light adaptation
resulted in a significant increase in the number of Cx57-immunoreactive plaques in the
OPL (light-adapted: 3.59 ± 0.19 plaques/100 +m2; dark-adapted: 1.46 ± 0.08 ; mean ±
S.E. ; n = 4 retinas per condition; p < 0.001; t-test). D: No significant difference in plaque
size was found (light-adapted: 0.41± 0.02 +m2; dark-adapted: 0.37 ± 0.01 +m2; mean ±
S.E.; n = 4 retinas per condition; p > 0.1).
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