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ABSTRACT
The marine teleost Rhinecanthus aculeatus (Balistidae)
has recently been shown to posses trichromatic color
vision supported by a retinal combination of double and
single cones. Double cones are composed of two members with different spectral sensitivity. It is not known
whether a correlation exists between the chromatic wiring of double cones to the inner retina and trichromacy,
nor how unmixed, chromatic information is extracted
from the two members of the couple. In mammalians,
bipolar cells determine color segregation by means
of the midget system, central to trichromatic color
vision; however, midget bipolar cells have never been
described in teleosts. On the basis of its likely importance in transferring chromatic photoreceptor signals to
the inner retina, we have morphologically characterized
the retinal bipolar cell types of R. aculeatus using DiOl-

istic staining techniques to verify if an anatomical specialization of this group of cells is required to support
trichromatic color vision. Thirteen cell types are
described: eight putative OFF types and five putative
ON types. Of these, four had axonal boutons ramifying
in both sublayers (ON and OFF) of the inner plexiform
layer, six had terminals restricted to the OFF layer, and
three cell types had terminals restricted to the ON
layer. Dendritic arbors of bipolar cells had narrower
diameters (5–40 lm) in comparison to bipolar cells of
other teleost species; this supports the idea that a low
degree of photoreceptor to bipolar convergence is correlated with trichromacy in this retina and possibly with
the function of double cones as color receptors. J.
Comp. Neurol. 518:3117–3129, 2010.
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Teleosts, like the majority of vertebrates, have duplex
retinas presenting rods, single and double cones (DCs).
DCs are two single cones that remain fused together during the development of the retina and may be electrically
coupled by means of gap junctions (Raymond et al.,
1995; Ebrey and Koutalos, 2001). While the function of
DCs remains uncertain, they have been indicated as
potential players in color vision, especially in those species where the spectral sensitivities of the two members
are well spaced and may combine with single cones to
achieve multichromic sensitivity (Lythgoe, 1979; Marshall
et al., 2003; Marshall and Vorobyev, 2003).
DCs had never been directly demonstrated to contribute to color vision even if indirect observations supported
this possibility in a number of teleost species (Oyama and
Jitsumor, 1973; Douglas, 1983, 1986; Neumeyer, 1986;
1992); only recently a marine teleost, Rhinecanthus aculeatus (black-bar triggerfish), already shown to possess
color vision supported by the presence of one single cone
(with a spectral sensitivity peaking at 413 nm) and one
DC type (spectral sensitivities peaking at 480 nm and
C 2010 Wiley-Liss, Inc.
V

530 nm) (Marshall et al., 2004), has been used to demonstrate direct involvement of DCs in trichromatic color discrimination (Pignatelli et al., 2010).
This finding challenges our current understanding of
the chromatic wiring of DCs to the inner retina. Trichromacy, mediated by DCs in R. aculeatus, indicates that all
three cone signals are transferred substantially unmixed
to the inner retina for subsequent comparison, as this is a
prerequisite for color discrimination (Wässle et al., 1994;
Gegenfurtner and Sharpe, 2001). This is in contrast with
the notion that DCs might present substantial electrical
coupling, due to their anatomical configuration, as
reported in a number of teleosts (Marchiafava, 1985;
Mariani, 1986). Coupling of the two members would
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degrade wavelength separation and hinder the potential
for trichromatic discrimination.
Assuming DCs are not, at least strongly, electrically
coupled in the retina of R. aculeatus, and that chromatic
outputs from the two members are selectively transferred
to the inner retina, it remains unclear where along the
neuronal pathway this functional segregation takes place
and how color opponency is generated. This is also interesting in view of teleost species where trichromatic color
vision is present, although DCs seem to be mainly
involved in brightness and not color detection, suggesting
the presence of alternative pathways for chromatic
signaling (Neumeyer et al., 1991; Schaerer and
Neumeyer, 1992; Neumeyer and Kitschmann, 1998).
In mammals, and most notably in foveate primates, the
functional segregation of tightly packed, spectrally distinct cone photoreceptors is determined anatomically. In
vertebrate retina, bipolar and horizontal cells are the first
neurons that contact photoreceptors (Dowling and Boycott, 1966). Bipolar cells have the function of retransmitting photoreceptor output to inner elements of the retinal
circuitry, while horizontal cells modulate photoreceptor
and bipolar cell activity through negative feedback
(Boycott et al., 1969; Parthe, 1972). Bipolar cells are
composed of three distinct sections: a dendritic arborization that ramifies within the outer plexiform layer (OPL)
and that contacts photoreceptor terminals, a cell body
normally located in the outer half of the inner nuclear
layer (INL), and a long axon that runs radially in the inner
plexiform layer (IPL) and terminates in an axonal arborization or boutons that synapse onto ganglion and amacrin
cell dendrites. Bipolar cells are categorized according to
their electric response to light in ON (depolarizing) or OFF
(hyperpolarizing) and according to the composition of
their afferences into diffuse or selective, indicating that
they receive input by a combination of spectrally diverse
photoreceptors or a selection of spectrally homogeneous
ones (Masland, 2001). Midget bipolars are a special category of selective bipolar cells present in primates and
receive input only from one (or very few) spectrally homogeneous photoreceptors. The privileged channel formed
by cone photoreceptors and midget bipolars is the key to
segregation of chromatic signals. At the first photoreceptor synapses, small field, midget bipolar cells retransmit
spectrally defined cone signals to color-coded ganglion
cells (Dowling and Boycott, 1966; Boycott et al., 1969;
Masland, 2001). The dependence of trichromacy on this
functional feature of the retina is a paradigm of color
vision in primates; its importance is also indicated by the
degradation of trichromacy into almost absence of color
vision, in the mid-peripheral retina, where the number of
midget bipolars decreases steeply with the increase
of eccentricity and where anatomical convergence of
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photoreceptors onto diffuse bipolars becomes dominant
(Boycott and Wässle, 1991; Dacey, 1996; Masland, 2001;
Wässle, 2004).
A subset of bipolar cells with midget-like properties
has never been described in teleosts and it is unclear
whether such an anatomical separation of chromatic
channels exists at all in these vertebrates. Mounting evidence of teleost species being capable of tri- and tetrachromatic color vision (Douglas, 1983, 1986; Neumeyer,
1992; Siebeck et al., 2008a,b) strongly suggests that an
efficient segregation of chromatic signals should be a
critical feature of the functional retinal circuitry of these
species, especially where DCs take part in color
discrimination.
Although a precedent exists for the presence of widefield, color-selective bipolar cells in rudd (Scardinius
erythrophthalmus) (Scholes, 1975), at least two alternative ways of achieving chromatic separation have been
proposed: 1) the presence of multiphasic horizontal cells
in teleosts, in contrast to mammals (Kamermans and
Spekreijse, 1995), and 2) the existence of ‘‘multimodal’’
bipolar cells, which are diffuse in nature, but express differential electrical response to different photoreceptor
stimuli (Nawy and Copenhagen, 1986, 1987, 1990). However, the role of horizontal cells as principal players in
generating color opponency in teleosts is disputed on the
basis of controversial physiological and anatomical data
(Neumeyer and Arnold, 1989; Spekreijse et al., 1989;
Kamermans and Spekreijse, 1995; Wietsma et al., 1995;
Twig et al., 2003); while ‘‘multimodal’’ bipolars have been
described only in a number of occasions in goldfish and
salamander retina and their functional significance is still
unclear (Wilson et al., 1985; Attwell et al., 1987; Nawy
and Copenhagen, 1987).
R. aculeatus is a valuable model to determine whether
trichromatic color vision driven by DCs requires a structural/anatomical organization at the bipolar cell level similar to those of trichromatic mammals. We analyzed the
morphology of the bipolar cell complex of R. aculeatus
using the DiOlistic labeling approach, and systematically
compared it to teleosts known to have or not to have
color vision. We characterized 13 morphologically distinct
bipolar cell types and provide evidence for a broad similarity to the bipolar cells of other teleosts with color
vision. However, we also found a consistent difference in
the dendritic arborizations of bipolar cells, suggesting the
presence of a morphological adaptation to sustain the
function of DCs as color receptors.

MATERIALS AND METHODS
Thirteen light-adapted, 10–15 cm long, adult black-bar
triggerfish (R. aculeatus; commonly known as Picasso
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triggerfish) were used for this experiment. All animals
were captured off the shores of Lizard Island, Queensland, Australia, and were kept in the laboratory aquarium
facility on a 12-hour artificial light/dark cycle. Procedures
were in accordance with the guidelines of the ‘‘Australian
code of practice for the care and use of animals for scientific purposes — 2004.’’
Retinal slices were prepared following published methods (Pignatelli and Strettoi, 2004). Following enucleation,
eyes were hemisected in L-15 solution (Invitrogen-Life
Technologies, La Jolla, CA) and the sclera, choroid, and
lens removed. The retina was flattened with ganglion cells
facing upward on a McIllwan tissue chopper cutting disc.
The disc was then transferred onto the cutting stage of
the McIllwan tissue chopper and the retina cut into thin
(50–100 lm) slices. Slices were transferred onto a round
black gridded filter (13 mm, HABG, Millipore, Bedford,
MA) and the excess of L-15 medium gently dried with tissue paper before DiO labeling. The slicing of the retina
prior to labeling was necessary to favor bipolar cell staining and subsequent confocal analysis.

DiOlistics: labeling and cell visualization
The use of the DiOlistic technique has proven invaluable to stain single bipolar cells within the complex structure of the OPL and to finely delineate the morphology of
dendritic and axonal arborizations. We employed the
gene-gun method mainly to overcome the scarce availability of antibodies to differentially stain bipolar cells in
teleost retina.
Tungsten microcarriers were used to introduce the lipophilic dye DiO (3, 30 -dihexadecyloxacarbocyanine-perchlorate; Invitrogen-Life Technologies) to the retinal tissue. These particles were prepared using published
protocols (Gan et al., 2000; Pignatelli and Strettoi, 2004).
Briefly, 100–150 mg of uncoated tungsten particles (1.3
lm, Bio-Rad, Hercules, CA) were thinly dispersed onto a
clean glass slide and coated with 250 lL of DiO solution,
3–5 mg DiO in 250 lL of methylene chloride) (SigmaAldrich, St. Louis, MO). Retinal slices were bombarded
with the microcarriers using a gene gun (Helios, Bio-Rad).
A cell culture insert, pore size 1–3 lm (Becton Dickinson
Labware, San Jose, CA) was interposed between the gene
gun and the specimen to remove clumps and protect the
tissue. Once the microcarriers were applied to the
tissue, slices were fixed for 2 hours in a solution of 4%
paraformaldehyde and 0.1 M phosphate buffer. After fixation, retinal slices were exposed to a solution of DAPI
dilactate (40 , 6-diamidino-2-phenylindole, Invitrogen) for
5 minutes to stain retinal cell bodies, and subsequently
mounted on clean slides using the ProLong Gold antifade
reagent mounting medium (P36934, Invitrogen-Life
Technologies).

Labeled samples were viewed using an Olympus BX61
upright confocal microscope equipped with Olympus
UPlanSApo lenses (10, 20, 40), and filters to visualize DiO and DAPI fluorescence. Z-series pictures were
acquired with the software FluoView1000 (Olympus, Lake
Success, NY). Single scanned images were sampled at an
optimal resolution/image-size ratio and vertical interval
among images of a stack (0.5–1 lm) chosen to maximize
optical resolution along the z-axis. To visualize cell morphology, maximum pixel values in the image stacks were
projected onto a plane using ImageJ (rsb.info.nih.gov).
Image stacks were edited in Adobe Photoshop (v. 7.0,
San Jose, CA) to remove out-of-focus light, before making
z-axis projections. The image of each cell was then superimposed to the corresponding DAPI projection of the
same field. The resulting image allowed visualization of
the retinal nuclear layers concomitantly with the DiO
stained bipolar cells.

Quantification of cell types and
nomenclature used
Similar criteria to the work of Connaughton et al.
(2004) in zebrafish and Pignatelli and Strettoi (2004) in
mouse retina were used to validate the morphology of a
bipolar cell type and to distinguish among different bipolar types. Overall, more than 100 retinal cells were
stained with DiO in this study, of which 65 were identified
as bipolar cells.
Sample size was slightly smaller than in analogous
gene gun studies (Connaughton et al., 2004; Pignatelli
and Strettoi, 2004), as R. aculeatus is not as readily available as other teleost species nor can it be bred in
captivity.
To be categorized as a distinct type, a defined bipolar
cell morphology had to be identified at minimum twice
and in different sections. Overall, we identified an average
of five cells per type (Table 1). The 65 bipolar cells stained
were eventually separated into 13 different morphological
categories according, primarily, to axon terminal ramification patterns in the IPL. The IPL was divided into two
equal sublamina (a and b) where axons of respectively
OFF and ON bipolars terminated. Each sublamina was further divided into three equally spaced sublayers (Scholes,
1975; Sherry and Yazulla, 1993; Connaughton et al.,
2004) and named s1 to s3 for sublamina a, and s4 to s6
for sublamina b. In determining the specificity of a bipolar
cell type the size of the cell body, the width of the dendritic arbor, as well as the structure of dendritic and axonal
arborizations were also taken into account.
We named bipolar cells using methods by Connaughton and colleagues (Connaughton and Nelson, 2000; Connaughton et al., 2004). OFF bipolar cells were indicated
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TABLE 1.
Summary of the Morphological Characteristics of the Bipolar Cells of R. aculeatus
Terminal
stratification

Stained
cells

Sublayer

2
2
4
7

s1
s1
s1
s1/s2

Boff-s2s3

4

s2/s3

Boff-s3
ON types
Bon-s4
Bon-s4/s5

8

s3

8
8

s4
s4/s5

Cell types
OFF types
Boff-s1(type1)
Boff-s1(type2)
Boff-s1(type3)
Boff-s1s2

Bon-s6
Mixed a/b types
Bon-s3/s4

6

s6

3

s3/s4

Bon-s3/s5

5

s3/s5

Bon-s3/s6

5

s3/s6

Bon-s3/s4/s6

3

s3/s4/s6

% Depth
0
0
0
0
17
17
34
34

-

17
17
17
17
34
34
50
50

50
50
67
84

-

67
67
80
100

34
50
34
67
34
84
34
50
84

-

50
67
50
84
50
100
50
67
100

Somal size (lm)
horizontal x
vertical
5
5
5
4






6.5
6.5
6.5
7

Dendritic
diameter
range (lm)
20
20
6
5

-

30
30
8
13

Dendritic
morphology1

Eccentricity
of staining

Bush
Flat
Comb
Flat

Mid
Mid
Mid
Mid

-

periphery
periphery
center
center

Presumed
connectivity2
Rod – cone
Cone - rod
Mixed
Mixed

4.2  5.3

12

Bush

Mid - center

Mixed

5.2  6.8

10 - 30

Bush

Center - periphery

Cone

5  6.2
5  6.5

8 - 10
22 - 40

Flat
Comb

Mid - center
Mid - periphery

Cone - rod
Cone - rod

5.5  7

5 - 14

Bush

Mid - center

Cone

5.5  5.5

6-8

Flat

Mid - center

—

4  6.5

12 - 24

Bush

Mid - periphery

Cone

57

13 - 38

Bush

Mid - periphery

—

68

6-8

Flat

Mid - center

Cone

The ‘‘Stained cells’’ column shows the number of cells stained for each subtype. The stratification level of the axonal endings of the bipolar cells is
shown in the ‘‘terminal stratification’’ group of columns. The ‘‘sublayer’’ column indicates the sublayer/layers at which the axonal endings were
found while the ‘‘%Depth’’ column identifies the position of the sublayer/layers as a percent of the IPL depth. Bi- and tristratified axonal terminals
are shown as two or three ranges of percent depth respectively. The ‘‘Somal size’’ column shows a representative sample of soma size dimensions
taken from one cell in each group of stained cells. The ‘‘Eccentricity of staining’’ column shows the area of the retina where the stained cell types
were found.
1
The main type of dendritic arborization observed for a particular cell type. However, shape of dendritic arbor was not used as a primary classification cue.
2
Estimated connectivity is expressed as ‘‘rod – cones’’ if cells receive prevalently from rods but also cones, ‘‘cone – rod’’ if prevalently from cones
and ‘‘mixed’’ if neither of the two photoreceptor types dominate. Estimate is absent where data were not convincingly pointing at any specific
direction.

as ‘‘Boff,’’ while ON bipolars as ‘‘Bon.’’ Finally, for each
cell type Boff- and Bon- are accompanied by an ‘‘–s’’ subscript indicating the location of the axon terminal within
the six IPL strata. All morphometric analyses were carried
on the image stacks and image projections using ImageJ.

RESULTS
We categorized a total number of 13 different bipolar
cell types, with axons either monostratified or multistratified in the IPL. Of these, six were OFF bipolar types (group
a), three ON (group b), and four mixed a/b bipolars. The
depth of axonal ramification was evaluated and
expressed on the basis of the percent depth in the IPL,
with 0% denoting the inner nuclear layer/inner plexiform
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layer (INL/IPL) border and 100% the inner plexiform
layer/ganglion cell layer (IPL/GCL) border (Table 1).
According to the accepted physiological stratification
of bipolar cells, OFF-type cells, hyperpolarizing in
response to light, stratify in sublamina a while ON-type,
depolarizing bipolar cells, stratify in sublamina b of the
IPL. Mixed cells, having terminals in both sublaminae a
and b have been shown in previous studies to be physiologically either of the ON- or OFF-type, depending on the
dendritic glutamate receptor they express (Connaughton
and Nelson, 2000; Wong and Dowling, 2005). 95% of
axon terminals had the shape of varicosities or boutons
without further lateral ramifications. In the case of multistratified cells, further boutons were found along the
axon prior to the termination. On a few occasions laterally
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oriented telodendria-like processes were observed projecting horizontally from terminal and/or intermediate
boutons.
Dendrite morphology of the bipolar cells was categorized in three groups based on the arborization pattern:
bush-like, flat, and comb (Table 1; Fig. 1). The flat arborization pattern is characterized by the presence of primary
and secondary dendrites with few or absent radial ramifications into the OPL (Fig. 1D). The comb pattern is characterized by dendritic spines projecting radially from secondary dendrites to contact photoreceptor terminals
(Fig. 1E). Bush-like dendritic arborizations are formed by
primary and secondary dendrites spreading into the OPL
with a deep rooted branching pattern (Fig. 1F). As shown
in other teleosts, comb and bush types are suggestive of
dendrites seeking the layer of rod spherules, while the
flat type indicates mainly bipolar-cone interactions
(Parthe, 1972). This appears to be the case for R. aculeatus too, as we found that rod spherules do stratify consistently 2–4 lm more sclerally than cone pedicles (Fig. 2A–
C).
Bipolar cell somata had either a spherical or slightly
elongated shape with an average diameter range of 5–8
lm (Table 1).

OFF-bipolar (Group a) cells
Six types of bipolar cells were categorized within this
group (Table 1; Fig. 3A–F). These cell types were either
mono- or bistratified with axons terminating exclusively in
sublamina a. Cells within these six types presented
comb, flat, or bush type dendritic arbors. Dendritic field
widths ranged from 6–30 lm (Table 1). Four monostratified cell types were found: Boff-s1 (type 1), Boff-s1 (type
2), Boff-s1 (type 3), and Boff-s3. All of the Boff-s1 cell
axons terminated in a single synaptic bouton within s1 in
the IPL. The distinctive morphology of the dendritic arbors
of these cell types permitted differentiation into separate
categories. Boff-s1 (type 1) dendrites projected with a
bushy-shaped arbor to the level of both rod spherules
and cone pedicles (Fig. 1F). Boff-s1 (type 2) dendrites
were mainly localized to the innermost part of the OPL
where they likely reach for cone pedicles through small
varicosities formed at the level of secondary dendrites
(Figs. 1D, 3B). Boff-s1 (type 3) had similar but smaller
dendritic fields (5–15 lm) than type 2, with a comb-like
appearance (Fig. 3C). Boff-s3 cells had one terminal bouton located in s3 (Fig. 3F) and secondary, inconsistent
swellings along the axon.
The remaining two Boff types were bistratified. Boffs1/s2 cells (Fig. 3D) had one synaptic bouton in s1 and
the other in s2. These cell types had a particularly narrow
dendritic arborization with few secondary processes
mainly localized within the vitread side of the OPL. The

dendritic fields of Boff-s2/s3, on the contrary, were wide
and mainly of the bush type (Fig. 3E). The axon of Boffs2/s3 cells ended in large varicosities within layers s2
and s3 of the IPL.

ON-bipolar (Group b) cells
Three Bon bipolar cell types were identified with axon
terminals located exclusively in sublamina b (Table 1;
Fig. 3K–M). Axons terminated primarily in individual synaptic boutons. Comb, flat, or bush type dendritic morphologies were observed. Dendritic fields were 5–40 lm in diameter (Table 1). Two cell types, Bon-s4 (Fig. 3K), and
Bon-s6 (Fig. 3M), were monostratified, terminating in a
single major bouton within the sublamina b of the IPL.
Bon-s4 terminal bouton also presented lateral telodendria-like neurites extending horizontally in the IPL. These
cells presented minor and inconsistent secondary swellings along their axons. The cell body of Bon-s4 and
Bon-s6 were similar in size, with a relatively thin primary
dendrite emerging from its sclerad pole. Bon-s4 presented minor swellings along the primary dendrite, at the
level of the horizontal cell nuclei. The primary dendrite of
Bon-s4 terminated in a distal comb or bushy arborization,
whereas the dendritic arbor of Bon-s6 tended to be structured as a flat-type localized at the level of cone pedicles.
The distal comb/bush layering of dendritic terminals suggests dendrites seeking synaptic contact with rods. One
bistratified cell type was identified within group b: Bons4/s5 (Fig. 3L). This cell type presented primarily a
comb-like dendritic arbor, formed by a thick primary dendrite and secondary dendrites radiating from a terminal
swelling on the primary dendrite, terminating in numerous
short spines.

Mixed a/b bipolar cells
Four multistratifying cells with terminals in both ON
and OFF sublamina (a/b types) were identified (Table 1;
Fig. 3G–J). We assigned three of them, Bon-s3/s4, Bons3/s5, and Bon-s3/s4/s6, the functional polarity of Bon
cells on the basis of morphologically analogous cells,
responding with a depolarization to glutamate, characterized in zebrafish (Connaughton and Nelson, 2000). For
the remaining Bon-s3/s6, as suggested by Connaughton
et al. (2004), we considered the center of mass for axonal
boutons, roughly evaluated on the basis of bouton size, to
correlate with a ON physiology for this cell type.
Mixed a/b bipolar cells had similar sized cell bodies
located in the outer half of the INL (Table 1). They presented a single terminal bouton normally larger than the
intermediate boutons. The only exception was Bon-s3/s5
(Fig. 3G), having the intermediate bouton in s3 larger
than the terminal bouton in s6. Mixed a/b bipolars presented a long primary dendrite, thicker in the Bon-s3/s4
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Figure 1. A: Transversal section of R. aculeatus retina stained with DAPI. Compartmentalization of cone/rod cell bodies in the ONL and of
the bipolar/amacrine cell bodies in the INL. Arrowheads point at horizontal cell bodies in the INL. B: Brightfield image of the photoreceptor square mosaic in the retina of R. aculeatus. The arrow points at a double cone while the arrowhead points at the central, short wavelength single cone. C: Example of narrow dendritic arbors of two bipolar cells of the flat and brush type. Arrowheads point at the dendritic
arborizations, while arrows point at the cell bodies. D–F: High-magnification examples of the three types of dendritic arborizations
described in the text: flat, comb, and bush, respectively. E: Arrowheads point at the secondary radial dendrites that extend from the primary dendritic varicosity of the arborization. D: Magnified image of the dendritic arborization of the bipolar type Boff-s1 (type 2). F: Magnified image of the dendritic arborization of the bipolar type Boff-s1 (type 1). Arrowheads point at tertiary spines extending radially from the
horizontal, secondary dendritic ramification to reach for the rod spherules.
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Figure 2. Photoreceptor types and photoreceptor terminals stained with DiO; nuclei are stained with DAPI. A–C: Confocal sections showing differential stratification of rod and cone photoreceptor terminals in the OPL. The three images are single slices of a longer optical series extracted at different depth along the z-axis. A: Rod terminal (left arrowhead) and large cone terminal (right arrowhead). B: A different
rod terminal (arrowhead). C: At this depth, rod terminals disappear from the series leaving the prominent cone terminal. Arrowhead is
pointing at the cone pedicle telodendria. D–F: Photoreceptor types in the retina of R. aculeatus stained with DiO. D: Single cone. Arrowhead pointing at the long telodendria originating from the pedicle. E: Rod photoreceptor. F: Possible DC recognizable by the different staining pattern of the pedicle and the slender shape of the outer segment. Scale bars ¼ 20 lm.

cells, terminating into a swelling from which secondary
dendrites emerged.
Bon-s3/s4 and Bon-s3/s5 were bistratified in the IPL
(Fig. 3G,H). Secondary dendrites of Bon-s3/s4 bipolars
spread laterally from the terminal swelling of the primary
dendrite at the level of cone pedicles, while Bon-s3/s5
bipolars had long, varicose primary dendrites extending
beyond cone pedicles to the distal OPL in a comb-type
arbor.
Bon-s3/s4/s6 was tristratified, with individual boutons
of equal size in s3, s4, and s5/6 (Fig. 3J). It showed a
thicker axon and cell body compared to the other mixed
a/b bipolars, while the dendritic arbor was narrow (4–6
lm) and circular, formed by a large primary varicosity
from which secondary short spines originated. Together
with bipolars Boff-s1 (types 1 and 2), we fully stained tristratified cells only rarely. However, we stained on numerous occasions bundles of bipolar axons among which
boutons tristratifying on a single axon could be easily
identified confirming the existence of a cell type with this
axonal stratification pattern.
Cells with terminals in s3 and s6 were classified as
Bon-s3/s6 (Fig. 3I). The dendrites were shaped in a

bush/comb-like structure, suggestive of contacts with
both rod and cone terminals.

Bipolar cell dendritic field size
The majority of the bipolar cell dendritic fields were
elliptical in shape and their size here is expressed as the
length of the major axis (Table 1). Few cell types presented almost circular dendritic fields with a diameter of
4–6 lm. Overall, the average range of dendritic field
widths was consistently between 5 and 40 lm. This is
narrower than that reported for bipolar cells in many cyprinids (Parthe, 1972; Scholes, 1975; Famiglietti et al.,
1977; Connaughton et al., 2004) and mormyridae (Landsberger et al., 2007; Wagner, 2007).

DISCUSSION
DCs have only recently been shown to take part
directly in trichromatic color discrimination in the marine
teleost, R. aculeatus (Pignatelli et al., 2010). It remains
unclear whether anatomical segregation of chromatic signals, such as observed in primates, underlies trichromacy
in this species. The bipolar cell morphology we describe
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Figure 3. Bipolar cell types in R. aculeatus retina stained with DiO, nuclei are lightly stained with DAPI. Cells have been resized to fit the panel. For
each cell a diagram showing the thickness and the sublayers of the IPL is shown. A–F: OFF bipolar cells with axons terminating in the sublamina a of
the IPL. G–J: Mixed a/b bipolar cells with boutons both in sublamina a and b of the IPL. K–M: ON bipolar cells with axons terminating in sublamina b
of the IPL. J: Arrowheads pointing at the three synaptic boutons along the axon of the three-stratified bipolar cell. Scale bars ¼ 20 lm.

here seems to support such a hypothesis providing anatomical evidences of a potential midget-like interaction
between photoreceptors and some bipolar cells in this
species.
The analysis of the bipolar cells of R. aculeatus evidenced a broad morphological similarity to the bipolar
cell populations of most known cyprinids with color vision

3124

(Scholes, 1975; Ishida et al., 1980; Connaughton et al.,
2004) and consistent dissimilarities to bipolar cells
described in nocturnal monochromat Gnathonemus petersii (elephant-nose fish) (Wagner, 2007). We also found
that the average size range of dendritic fields of bipolar
cells in R. aculeatus were consistently smaller than that
of bipolar cells described in teleosts (Table 2) that have
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TABLE 2.
Comparative Summary of Photoreceptor and Bipolar Cell Morphology in Different Species of Teleosts
Photoreceptor terminal
diameter (lm)

Dendritic width range
of bipolar cells (lm)

Rod
spherules
(n) Avg.

Cone
pedicles
(n) Avg.1

Known bipolar cell
types for each species
(n) Avg.

Bipolar
dendrite/cone
terminal ratio

R. aculeatus (trigger fish)
G. petersii
(Elephant-nose fish)
D. rerio (Zebrafish)
S. Erythrophthalmus (Rudd)
C. auratus (Goldfish)
C. carpio (Carp)2

2 – 3 (2.5)
2 – 3 (2.5)

5 – 8 (6.5)
5 – 8 (6.5)

5 – 40 (22.5)
10 – 60 (35)

3.4
5.4

Pignatelli et al., 2010
Wagner, 2007

2
2
2
2

5
5
5
5

(6.5)
(6.5)
(6.5)
(6.5)

8 – 65 (36.5)
12 – 70 (41)
20 – 200 (110)
—

5.6
6.3
16.9
—

M. mullatta
(rehesus monkey)

2 - 3 (2.5)

5 – 8 (6.5)

8 – 35 (21.5)

3.3

Connaughton et al., 2004
Scholes, 1975
Ishida et al., 1980
Saito and Kujiraoka, 1985;
Saito et al., 1983
Boycott et al., 1969;
Boycott and Wassle, 1991

–
–
–
–

3
3
3
3

(2.5)
(2.5)
(2.5)
(2.5)

–
–
–
–

8
8
8
8

Source

Similarities and differences among photoreceptor terminals and dendritic arbors of bipolar cells in different groups of teleosts and a primate retina.
All sizes are expressed as a range and average is provided. The ratio between the size of the dendritic arbors of bipolar cells and cone pedicles is
calculated using the average values.
1
Single cone and double cone pedicles are normally indistinguishable in terms of size range and stratification depth in the OPL.
2
It was not possible to consistently determine dendritic width range due to the scarcity of data available; gross examination of published Golgi
images of bipolar cells suggests the presence of large dendritic arbors comparable to those of goldfish.

been analyzed in this respect (Scholes, 1975; Famiglietti
et al., 1978; Ishida et al., 1980; Connaughton et al.,
2004).
While the size of rod and cone terminals is consistent
across some teleost species, including R. aculeatus, the
spread of dendritic arborization of bipolar cells varies
notably (Table 2): dendritic arbors of zebrafish vary from
8–65 lm (Connaughton et al., 2004), from 12–70 lm in
rudd and from 20–200 lm in goldfish (Scholes, 1975;
Ishida et al., 1980); elephant-nose fish have 10–50 lm
wide dendritic fields (Wagner, 2007), while carp retina
presents even bigger dendritic arborization than rudd
(Saito et al., 1983; Saito and Kujiraoka, 1985). In R. aculeatus, we have not been able to find dendritic ramifications wider than 40 lm and the majority of our bipolar
cells presented dendritic arbor size comprised between
10 and 30 lm (Table 1). While, due to the scattered
nature of the data, it is not possible to produce a significant meta-analysis of these differences, there is a clear
trend, corroborated by other anatomical observations,
showing that in R. aculeatus, dendritic arbors of bipolar
cells are indeed smaller than other species. These observations can be summarized as follows: 1) unlike the size
of the dendritic arbors, other relevant morphometric characteristics of the bipolar cells of R. aculeatus are analogous to those of zebrafish, rudd, and goldfish, supporting
the presence of a broad similarity between these cells in
different species; 2) it is likely that these morphometric
characteristics are not dependent on the fish size or age;

in fact, while R. aculeatus can reach 30–45 cm length, the
size of the eye increases only marginally, after the fish
reaches a length of 10–15 cm; 3) the ratio between average size of photoreceptor terminals and bipolar dendritic
arbors is substantially higher than other teleosts, indicating the presence of a peculiar retinal feature and not anatomical scaling due to concomitant modifications of other
retinal characteristics (Table 2); moreover, narrow bipolar
cell dendritic fields visibly correlate in this retina with a
high cell density in the INL, particularly in retinal areas
close to the optic nerve head.
This furthermore suggests a low ratio of photoreceptor/bipolar cell convergence and a fine sampling of the
photoreceptor grain. This feature seems geared toward
high spatial and possibly color contrast acuity in this species. Ecological observations corroborate this possibility;
in fact, R. aculeatus lives in clear, shallow waters, where a
wide spectrum of light is present and the development of
high contrast color vision favorable; preliminary behavioral results in our laboratory also indicate high color contrast sensitivity in this species (Connor et al., pers.
commun.).

General morphology of bipolar cells
From a morphological standpoint, bipolar cells in R.
aculeatus presented analogous characteristics to those
of other teleosts including the array of different branching patterns and the presence of terminal mono- and
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multistratifying axonal boutons. Bi- and tristratified bipolars were commonly stained across different retinal
samples. Their presence seems to be a common feature
among freshwater teleosts, like cyprinids, which display
a robust color vision (Neumeyer, 1992; Risner et al.,
2006) but not of nocturnal, monochromatic species
where bipolar cells are monostratified in the IPL and
where color vision is likely absent (Landsberger et al.,
2007; Wagner, 2007).
Axonal terminals appeared in the shape of enlargements or varicosities and axonal branching was rare. This
seems consistent with bipolar cells axon terminals of
most known cyprinids (Scholes, 1975; Sherry and Yazulla,
1993; Connaughton et al., 2004) except for carp (Cyprinus carpio), which possess bipolar cells with wide axonal
ramifications (Famiglietti et al., 1977, 1978).
If we compare the number of morphologically distinct
bipolar types in R. aculeatus (13 types) to that of goldfish
(15 types) (Sherry and Yazulla, 1993), zebrafish (17 types)
(Connaughton et al., 2004), and the elephant-nose fish
(9 types) (Wagner, 2007) it is evident that the variance is
higher compared to what we observe in mammals, where
the overall number of different bipolar types is almost
constant across diverse species with different degrees of
color vision (Euler and Wässle, 1995; Masland, 2001;
Pignatelli and Strettoi, 2004). However, assuming that
these numbers, for many of these species, are only
slightly biased by the intrinsic limitations of anatomical
methodologies of classification (Masland, 2001; Wässle,
2004; Ivanova and Müler, 2006) we observe only a relatively weak correlation between the complexity of the
photoreceptor layer, in terms of photoreceptor types and
number of pigments, of a given species and the number
of different bipolar types present in the retina. In this series goldfish represents one end of the scale with a combination of double, several single cones, and rods (Ishida
et al., 1980; Sherry and Yazulla, 1993), while G. petersii is
at the opposite end with just rods and one type of longweave sensitive single cone (Ciali et al., 1997; Landsberger et al., 2007).
The presence of several different types of bipolar cells
in the elephant-nose fish retina suggests that the segregation of the photoreceptor signals into several parallel
channels is a favorable feature, even in dim environments, likely allowing a complex analysis of contrast and
movement detection (Wagner, 2007). It can be supposed
that the higher structural complexity presented by the
bipolar cells of cyprinids and the triggerfish is related to
the presence of color vision in these species; however,
the segregation of photoreceptor signals into several
channels, represented by many different bipolar cells,
might be a crucial prerequisite for it like in mammalian
retina.
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Comparative analysis of bipolar cells
Structural consistency of bipolar types is confirmed by
the broad morphological analogy of the types described
in this study to those of almost all cyprinids considered.

OFF bipolar cells
All of the OFF bipolar types described here are found in
cyprinids, across different species.
Boff-s1 (type 1), Boff-s2 (type 2) and Boff-s1 (type 3)
are reminiscent respectively of bipolar types a1, a2, and
a3 described by Ishida et al. (1980) in goldfish (Carassius
auratus); however, only one type of Boff-s1, similar to our
Boff-s1 (type 3) and the a3 type in goldfish, has been
described by Connaughton and colleagues in the retina of
zebrafish (Danio rerio) (Connaughton and Nelson, 2000;
Connaughton et al., 2004). This suggests that, supposedly, sustained-OFF signals converging to s1 in R. aculeatus are segregated by three different types of bipolars in
R. aculeatus, each carrying possibly a different component of the stimulus or integrating different combinations
of photoreceptor outputs (Scholes, 1975).
The bushy dendritic arborization of Boff-s1 (type 1), for
example, indicates contacts to both cones and rods while
the flat arborizations of Boff-s1 (type 2) suggests these
cells might contact a higher percentage of cone
terminals.
Boff-s1 (type 3) has a dendritic arbor significantly
smaller than types 1 and 2. While type 1 and type 3 present a similar bush-like dendritic structure, both have been
found within the central area of the retina, supporting the
possibility they belong to separate classes. Boff-s1 (type
3) does resemble the single ‘‘Boff-s1’’ described by Connaughton et al. (2004) in zebrafish and a bipolar cell type
stratifying in s1 described by Scholes (1975) in rudd retina and receiving mixed inputs from cones and rods.
All the bistratified Boff bipolars we have stained in this
study have their morphological counterparts in the retina
of zebrafish (Connaughton and Nelson, 2000; Connaughton et al., 2004). Of these, Boff-s1/s2 has been suggested by Connaughton and colleagues to receive mixed
rod-cone input, also indicated by their resemblance to a2
bipolars and Ma bipolars described in goldfish (Stell,
1967; Ishida et al., 1980; Sherry and Yazulla, 1993) but
not in rudd retina (Scholes, 1975). Boff-s3 is presumed
cone bipolar by Connaughton et al. (2004), while Boff-s2/
s3 present mixed morphological characteristics between
cone and rod bipolars.

ON Bipolar cells
Three cell types were identified as Bon (group b). Two
of these had a single terminal bouton in sublamina b of
the IPL, Bon-s4, and Bon-s6, while one had two synaptic
boutons terminating in s4 and s5 of the IPL (Bon-s4/s5).
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It might seem strange we could not find a similar number
of different ‘‘b’’ type compared to ‘‘a’’ type cells, however
a/b separation is purely anatomical and overall balance
of ON and OFF types is a more relevant parameter to consider. All of the mixed a/b bipolars seem to be of the ON
type in R. aculeatus and this actually unbalances the categorization toward the ON channel. This is in line with what
has been described in zebrafish and goldfish, where ON
cell types appear to be more numerous than the OFF
types (Sherry and Yazulla, 1993; Connaughton et al.,
2004).
Due to the slender aspect of the axon and axonal terminal, the small somata and relatively short primary and
secondary dendrites, our Bon-s6 can be recognized as
the counterpart of the Bon-s6 described by Connaughton
et al. (2004) in zebrafish and as one of the narrow field
rod bipolars in rudd retina mainly receiving input from
rods and principal cones (Scholes, 1975). Our Bon-s4 is
reminiscent of Bon-s5 described in zebrafish and
presents the morphology of a mixed input bipolar cell.
The bistratified Bon-s4/s5 also shows close morphological similarities with the analogous cell type in zebrafish (Connaughton et al., 2004).

Mixed a/b bipolar cells
Mixed a/b bipolar cells seem to be a common feature
of teleost retina, at least where color vision is present; in
fact, they are absent from the retina of the monochromatic G. petersii. We found four bipolar cell types with
synaptic boutons in both sublamina a and b. Bon-s3/s5 is
present in zebrafish retina with similar features to our
type: slender axon and cell body, large s3 bouton. This
cell type likely corresponds to one of the mixed cone
bipolar cells in rudd that receive inputs from rods and
DCs (Scholes, 1975).
Bon-s3/s4/s6 can be compared to Bon-s2/s4/s5
(zebrafish) not only for the similar tristratified pattern of
the boutons but also for the large cell body, thick primary
dendrite, and axon. This cell presents in our staining a
dendritic field size smaller than its zebrafish counterpart
(Table 1). This tristratified cell has been observed by
Scholes (1975) in rudd retina, where it has been found to
receive inputs mainly from single cones (or blue cones). It
is plausible that in R. aculeatus these cells receive input
as well from the single, short wavelength sensitive cones
(417 nm). Moreover, their small dendritic field, whose
width is comparable to that of single cone pedicles in this
retina (Table 2), suggests that only few single cones
within their receptive field might be able to establish synaptic contact. This observation is supported by the organization in a square cone mosaic, formed by the single
cone surrounded by four DCs of R. aculeatus photoreceptors (Fig. 1B). The central short wavelength cones, in fact,

can be estimated to be far, at least 5–8 lm from the nearest adjacent singles, and not within reach of the limited
dendritic width of tristratified bipolars.
The remaining Bon-s3/s6 and Bon-s3/s4 have no
apparent counterparts in the retina of other cyprinids
known. Bipolar cells with axonal boutons terminating in
the IPL with the same patterns have been identified in
goldfish (Sherry and Yazulla, 1993) and zebrafish (Connaughton and Nelson, 2000), but they also present a different dendritic configuration.
We attributed physiological identity to the mixed a/b
bipolars on the basis of previously published results; however, we do not rule out the possibility that these bipolar
types might have different electrical activity or that some
or all of them might present simultaneously two conductance mechanisms, as indicated by studies in giant Danio
and salamander retina showing the existence of multimodal bipolars (Wu et al., 2000; Wong et al., 2003).

Retinal circuitry
Considering the remarkable morphological similarity
between the bipolar cells of R. aculeatus and zebrafish/
rudd and to a certain extent goldfish, it is plausible to
infer synaptic inputs for some of the bipolar cell types
described in this study. The idea that similar cell morphology might be suggestive of similar connectivity in teleosts
is supported by the presence of analogous connectivity
patterns in morphologically similar bipolar cells of goldfish and rudd; examples are: a narrow field rod bipolar in
rudd, stratifying in s6, and the bipolar ‘‘b1’’ in goldfish
both receiving mainly from rods and principal members of
DCs; or the bipolars ‘‘s1’’ and ‘‘a2’’, in rudd and goldfish,
respectively, both receiving from rods and both members
of DCs (Scholes, 1975; Ishida et al., 1980).
The most interesting among the cells described here
are potentially color-selective bipolars that receive input
from a spectrally distinct subpopulation of cone photoreceptors. Besides the tristratified Bon-s3/s4/s6 supposed
to receive input only from single short-wavelength cones,
Boff-s1 (type 2) and Bon-s4/s5 are putative color-selective bipolar cells mainly receiving input respectively from
the accessory and auxiliary member of the DCs. The
rationale behind this assumption is based on their strong
morphological resemblance respectively to the a1 bipolars of goldfish (primarily connected to principal members
of DCs and long singles, the latter absent in R. aculeatus)
and a subclass of bistratified bipolars in rudd retina (primarily connected to the accessory members of DCs).
Bon-s3/s4/s6 and Bon-s4/s5 also present narrow dendritic arbor sizes comparable to those of single cone terminals (Table 2), which is reminiscent of one of the distinctive characteristics of midget bipolar cells in primate
retina (Boycott and Hopkins, 1991; Hopkins and Boycott,
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1992; Wässle et al., 1994); this feature is suggestive of a
midget-like interaction between these bipolar cells with,
respectively, adjacent short- and mid-wavelength cone
pedicles.
These speculations point toward the possibility that
among the bipolar types described here a few specialized,
color-selective cells may exist presenting structural and
functional characteristics similar to those of mammalian
midget bipolars and allowing in this retina a finer sampling of the short and mid-wavelength photoreceptor
mosaic. This would make perfect sense given the anatomical and possibly functional constraints to trichromatic
color vision imposed by the presence of coupled photoreceptors in the retina of R. aculeatus.
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