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The direction selectivity of the retina is a distinct mechanism that is critical function of eyes
for survival. The direction-selective retinal ganglion cells (DS RGCs) strongly respond to a
preferred direction, but rarely respond to opposite direction or null directional visual stimuli.
The DS RGCs are sensitive to acetylcholine, which is secreted from starburst amacrine cells
(SACs) to the DS RGCs. Here, we investigated the existence and distribution of the nicotinic
acetylcholine receptor (nAChR) α4 and β2 subunits on the dendritic arbors of the DS RGCs
in adult rabbit retina using immunocytochemistry. The DS RGCs were injected with Lucifer
yellow to identify their dendritic morphology. The double-labeled images of dendrites and
nAChR subunits were visualized for reconstruction using high-resolution confocal
microscopy. Although our results revealed that the distributional pattern of the nAChR
subunits on the dendritic arbors of the DS RGCs was not asymmetric in the adult rabbit
retina, the distribution of nAChR α4 and β2 subunits and molecular profiles of cholinergic
inputs to DS RGCs in adult rabbit retina provide anatomical evidence for direction selectivity.

Key words: direction selectivity, nicotinic acetylcholine receptor, retinal ganglion cell, cell
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I. Introduction

Motion detection is essential for animal survival. For
this purpose, mammalian eyes have a special functional
response to selective direction of movement from a subset
of retinal ganglion cells called the direction-selective
retinal ganglion cells (DS RGCs). The DS RGCs respond
strongly to an object that moves in a preferred direction,
but respond weakly or not at all to stimuli moving in an
opposite (null) direction [3, 8, 10, 13, 15, 22, 33, 52, 53].
Since the discovery of direction selectivity in the retina by
Barlow and Hill in 1963, its underlying mechanisms have
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been intensively studied for last five decades how direction
selectivity is implemented [9, 10, 13, 15, 34, 42, 55]. The
DS RGCs have been especially well studied in rabbit retina,
with a focus on the ON-OFF DS RGCs. These cells have
bistratified dendrites at a depth of 20% and 70% of the
inner plexiform layer (IPL) of the retina in sublamina a
(OFF) and sublamina b (ON), respectively [7, 11, 13, 29,
49, 50, 57]. With their distinctive anatomical structures,
various receptors are expressed in the ON-OFF DS RGCs
[26, 28, 30, 31, 44], but the molecular profiles of the ON-
OFF DS RGCs are not fully understood.

The major mechanism of direction selectivity is
known to mediate strongly with starburst amacrine cells
(SACs), which are functionally hard-wired to the DS RGCs
through both cholinergic and GABAergic synapses to allow
for asymmetrical directional selectivity [5, 10, 15, 18, 34,
56]. The SACs are a cholinergic interneuron that co-release
acetylcholine (ACh) and γ-aminobutyric acid (GABA) to
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the dendrites of the ON-OFF DS RGCs [16, 39]. Recent
studies reported that asymmetric synaptic contact between
SACs and DS RGCs highly correlates with a null direction,
which provides direction selectivity to the DS RGCs
[10, 49, 55]. In addition to studies demonstrating the
GABAergic inhibition from the SACs to the ON-OFF DS
RGCs, other studies propose that ACh has a major role in
the functional computation of the microcircuit for the direc-
tional information [19]. Moreover, another study revealed
that ACh and specific ACh receptor subunits are critical for
induction of direction selectivity in the retina [45].
However, it is unknown which ACh receptor subunits are
expressed upon the dendrites of the ON-OFF DS RGCs.

Nicotinic acetylcholine receptors (nAChRs) are ligand-
gated ionotropic receptors. They are comprised of a
pentamer with combinations of nine α subunits (α2–α10)
and three β subunits (β2–β4). The nAChRs are usually
assembled (α7)5 only in a homomeric or binary complex,
while (α3)2(β4)3 and (α4)2(β2)3 nAChRs are assembled as
heteromeric receptors in the central nervous system [1, 35,
48]. These nAChRs, which contribute to the preferred
direction excitation of the ON-OFF DS RGCs, are reduced
their preferred responses by employing the nicotinic an-
tagonist curare [19]. Consistent with this influence of the
nAChRs on the ON-OFF DS RGCs, pharmacological and
physiological investigations show that some subunits of the
nAChR, specifically the nAChR α7 and β2 subunits, con-
tribute significantly to direction selectivity through expres-
sion on dendrites of the ON-OFF DS RGCs [45]. However,
the distributional pattern for direction selectivity according
to the expression of nAChR subunits on dendrites of the
ON-OFF DS RGCs is unknown; thus, further study is nec-
essary to identify the presence of additional nAChR sub-
units. Investigation of the nAChR α4 and β2 subunits,
which canonical co-expressed subunits in the mammalian
central nervous system, may provide clues for understand-
ing the mechanism of the direction selectivity because it is
one of the earliest expressed nAChR subunits, which is
increased expression during developmental stages in the
retina [38].

The purpose of the present study was to investigate the
distributional pattern of the nAChR α4 and β2 subunits in
the adult rabbit retina. To achieve our goal, we injected to
DS RGCs with Lucifer yellow and performed immunocyto-
chemistry on vibratome sections and whole mounts of
rabbit retina. The double-labeled images of dendrites and
nAChR subunits were visualized using confocal micros-
copy. We revealed the expression of the nAChR α4 and β2
subunits upon the dendritic arbors of DS RGC; however,
the distributional patterns of these subunits upon dendrites
of both the ON and OFF layers of the DS RGCs in the adult
rabbit retina were not asymmetric.

II. Materials and Methods
Experimental preparations and retinal isolation

Approximately 24 hr before the experiment, an adult
New Zealand white rabbit (N = 1 animal) was anesthetized
using a mixture of xylazine (15 mg/kg) and ketamine (75
mg/kg). To select the DS RGCs, both eyes of the rabbit
were injected with 10 μg of the fluorescent marker 4',6-
diamidino-2-phenylindole (DAPI) and were acclimatized to
darkness. This procedure helps discriminate the SACs from
the ganglion cells using strong DAPI signal. One day later,
the dark-adapted rabbits were re-anesthetized with the same
mixture of ketamine and xylazine. The eyes were immedi-
ately enucleated and hemisected at the equator, and the
retinas were isolated attentively from the pigmented epithe-
lium. These experimental procedures were carried out in
Ames’ medium (Sigma-Aldrich Co., St. Louis, MO, USA)
that had been equilibrated with 95% O2 and 5% CO2 [2, 53]
for maintaining live rabbit retina cells in vitro. This tech-
nique was developed and described in detail by Masland
and Ames [36], and Ames and Nesbett [2]. All investiga-
tions involving animals were performed in accordance with
the guidelines of the Association for Research in Vision and
Ophthalmology (ARVO) statement for the Use of Animals
in Ophthalmic and Vision Research.

Living cell injection using Lucifer yellow
To wash residues of unbound DAPI from the retina,

the isolated retina was rinsed with Ames’ medium for 10
min. After this procedure, the retina was placed on a piece
of the non-fluorescent filter membrane (0.45 μm, Black,
HABP 47 mm; Millipore, Billerica, MA, USA) with the
ganglion cell layer (GCL) on the upper side. The mounted
retina was immersed in a superfusion chamber that kept the
fresh Ames’ medium flowing for maintaining the living
cells of the retina, and a platinum ring was placed on the
membrane to prevent movement. The chamber was posi-
tioned on the stage of a Zeiss fixed-stage fluorescence
microscope. Under fluorescent illumination, we injected
5% Lucifer yellow into the candidate cells, which had a
large somata and a kidney-shaped nucleus. These distinc-
tive cells are highly likely to be the ON-OFF DS RGCs
[53]. Additionally, the mid-peripheral region of the retina
was targeted for injection to avoid a high density of blood
vessels. Targeted cells were injected with 5% Lucifer
yellow using conventional techniques [21, 26, 53]. Lucifer
yellow was injected into the cells via iontophoresis, and
then we selected the cells with a distinctive morphology of
their dendritic arbors, which is the characteristic honey-
comb of the ON-OFF DS RGCs and the bistratified appear-
ance. As no other neuron with these characteristics has
been reported in the rabbit retina, these features unambigu-
ously differentiate the ON-OFF DS RGCs from all other
known types of RGCs in rabbits.
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Fluorescence immunocytochemistry
After the intracellular injection, the retinal tissue was

fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 2 hr. We conducted conventional immunocyto-
chemical techniques that we have previously described in
detail [24]. Through this method, we identified the distribu-
tions and localization of retinal ganglion cells in mouse and
rabbit [32, 54]. Briefly, the fixed retinal tissues were rinsed
three times with 0.1 M phosphate buffer, and were incu-
bated with a blocking solution (4% normal serum of the
secondary antibody host, 0.4% Triton X-100 added in 0.1
M phosphate buffer) for 1 day. The treated rabbit retinal tis-
sues were then labeled with the primary antibodies against
the nAChR α4 subunits (SC-1772; 1:100; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) or β2 subunits
(SC-11372; 1:100; Santa Cruz Biotechnology, Inc.) for 3
days. Subsequent to washing three times again with 0.1 M
phosphate buffer, the tissues were incubated for 1 day
with secondary antibodies, including Cy5-conjugated
rabbit anti-goat IgG (1:50; Jackson ImmunoResearch Labo-
ratories, Inc., West Grove, PA, USA) for the α4 subunits
and Cy5-conjugated goat anti-rabbit IgG (1:50; Jackson
ImmunoResearch Laboratories, Inc.) for the β2 subunits.
Some vertical sections were incubated in the same solution
without the primary antibodies. After immunocytochem-
istry, the tissues were washed three times in 0.1 M phos-
phate buffer, and were coverslipped with Vectashield
mounting media (Vector Laboratories, Inc., Burlingame, CA,
USA). Vertical tissue sections were prepared by Vibratome
sectioning (Vibratome 3000 Plus, Vibratome, St Louis,
MO, USA). The whole retina was embedded in 4% agarose
gel and sliced at a thickness of 40–50 µm.

Data analysis
The Lucifer yellow-filled DS RGCs were imaged

using a laser-scanning confocal microscope (MRC 1024;
Bio-Rad Laboratories, Inc., Hercules, CA, USA) that was
equipped with either a 40× objective (NA 0.75; Plan Fluor;
Nikon, Tokyo, Japan) or 20× objective (NA 0.50; Plan
Fluor; Nikon). We used Z-axis serial imaging to discrimi-
nate the puncta and the ON and OFF layer of each DS
RGC. For the average density of immunoreactive puncta at
the ON and OFF layer, we used a threshold image analysis
with the Image-J program, version 1.48 (Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA). The
immunopuncta images from the ON and OFF layers of the
DS RGCs were imported into Image-J, then we applied a
threshold color function (Threshold color: Red; Color
space: HSB; Hue: 0–255, Saturation: 0–255; Brightness:
165–225; Size [pixel]2: 20-infinity), and counted the puncta
that passed the criteria. For reconstruction of the entire
shape of the DS RGCs, a series of high-resolution confocal
images in the plane of each cell’s ON and OFF dendritic
layer was acquired through a Nikon Plan Fluor 100× objec-
tive (NA 1.30 oil; Plan Fluor; Nikon). To avoid crosstalk,
we used an emission filters 515DF30 (Lucifer yellow: den-

drites) and 680DF32 (Cy5: nAChR α4 and β2 subunits).
We obtained approximately 150–200 fields of con-

focal images for each ON and OFF dendritic layer in each
cell and tiled these images to complete a 512 × 512 mont-
age image. These images were tiled, and immunopuncta
and dendrites were mapped onto transparent film to recon-
struct the DS RGC images (Fig. 5). We identified the
nAChR immunoreactive puncta, which were located upon
the dendrites of the DS RGCs. The final images of the
nAChR α4 and β2 subunits puncta were analyzed using
Adobe Illustrator 10 (Adobe Systems, Mountain View, CA,
USA). The details of this analysis procedure and our crite-
rion for counting the immunoreactive puncta have been
described in our previous reports [25, 26, 30, 32]. To
briefly describe the puncta analysis, we calculated the
nAChR subunits immunopuncta on the dendrites for each
of the eight cardinal directions, and immunopuncta within
45° of a given cardinal direction were included in the histo-
gram (Fig. 6). First, the densities of the nAChR α4 and β2
immunopuncta were presented in terms of the length of the
dendrite (number of puncta/μm of a dendrite). For the
histogram presentation, we calculated the puncta densities
at 10 μm intervals from the center of the soma to the outer
dendrites for each cardinal direction. Second, the average
density of the nAChR subunits immunopuncta was
expressed in terms of the number of immunoreactive
puncta per total μm length of the dendrites within each car-
dinal direction. To estimate the precise spatial symmetry of
the nAChR subunits immunoreactive puncta upon the DS
RGCs, we calculated a symmetry index (SI) as described in
previous studies [28, 30]. The SI was calculated for each
cell using the formula SI = 10(B/A) for (B < A), where ‘A’
represents the average spatial density of the nAChR sub-
units immunopuncta in one of the eight cardinal directions
of the DS RGCs, and ‘B’ represents the spatial density of
the nAChR subunits immunopuncta on the dendritic arbor
of the symmetrically opposite direction. We analyzed the SI
value of the dendrites for all eight directions. The SI value
of 10 would indicate complete symmetry, while the SI
value of 0 would indicate a total asymmetry. We calculated
the average SI of each DS RGC from the eight SI values,
and quantified the results of two injected cells from one
animal (Fig. 7).

The number of immunopuncta per unit distance was
calculated using a simple method in which the total number
of puncta was divided by the whole length of the dendritic
plexus in each single cell (i.e., whole number of puncta on
the DS RGC dendrites/whole length of dendrites in a single
DS RGC). The whole length of dendrites was measured
using the ‘Analyze-Measure’ function tool in the Image-J
program, version 1.48 after setting the scale with a scale
bar.

III. Results
To identify the DS RGCs, we applied the living cell
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injection technique, as shown in Figure 1. The cells in
panels A and B were used to analyze the distribution of the
nAChR α4 and β2 subunits in the adult rabbit retinas,
respectively. Many types of ganglion cells in the mamma-
lian retina have been studied [3, 46], and the DS RGCs of
the mammalian retina have characteristic morphological
properties. The overall dendritic arbors of the DS RGCs
have a unique honeycomb appearance. Moreover, the DS
RGCs are bistratified with an ON and OFF layer; one
portion narrowly stratifies within sublamina a of the IPL,
whereas the other ramifies narrowly within sublamina b [3,
4, 53]. In addition, the emerged terminal branches of the
DS RGCs often curve back to point toward the soma [4,

52]. These features unambiguously distinguish them from
all other known types of RGCs in rabbits.

In vertical sections of the rabbit retina, immunofluo-
rescence of the nAChR α4 and β2 subunits was observed as
a distinctive pattern of labeling (Fig. 2). The nAChR α4
and β2 subunits are positioned mostly in the IPL and GCL.
Some immunoreactivity of the nAChR α4 and β2 subunits
was also dispersed in the outer plexiform layer (OPL) and
the inner plexiform layer (INL). These results on the verti-
cal distributions of the nAChR α4 and β2 subunits were
similar to previous results [27, 28, 38]. Control tissues
showed no the immunoreactivity of the nAChR α4 and β2
subunits (Fig. 2B, 2D). These results indicated that the anti-

The representative shape of the DS RGCs injected with 5% Lucifer yellow. In these photomicrographs, which were taken at a low magnification,
both the ON and OFF dendritic arbors are visible. The two dendritic arbors in panels (A) and (B) were used to analyze the distributions of immunoreac-
tivity for the nAChR α4 and β2 subunits, respectively. Bar = 100 μm.

Fig. 1. 

Immunoreactivity of the nAChR α4 and β2 subunits in vertical vibratome sections of the mid-peripheral rabbit retinas. Fluorescence confocal
micrographs show the immunopuncta labeled with antibodies against nAChR α4 (A) and nAChR β2 (C) subunits. Strong densities of immunoreactivity
for nAChR α4 subunits were observed in the inner plexiform layer (IPL) and ganglion cell layer (GCL) (A). Strong immunoreactivity of the puntate for
nAChR β2 subunits is also present in IPL (C). Some immunoreactive punctate for the nAChR α4 and nAChR β2 are observed in the outer plexiform
layer (OPL), inner nuclear layer (INL), respectively. Incubated vertical sections without the primary antibodies showed no specific immunoreactivity
(B, D). Bar = 10 μm.

Fig. 2. 
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bodies of the nAChR α4 and β2 subunits had the specificity
for rabbit retina.

In whole mounts of rabbit retina (Fig. 3), immunoreac-
tive puncta of the nAChR α4 and β2 subunits were located
predominately in both of the ON and OFF sublamina of
the IPL. All images in Figure 3 were taken from the mid-
peripheral adult rabbit retina. We also calculated the num-
ber of immunopuncta, which were layered on the dendritic
fields of the DS RGCs, to average the number of immuno-
puncta per unit area (Fig. 3E). The average number of
nAChR α4 and β2 subunits immunopuncta was similar

Fluorescence confocal micrographs of the mid-peripheral rabbit
retinal whole mounts that are immunolabeled with antibodies against
the nAChR α4 and β2 subunits. The images in panels (A) and (B) were
taken from the ON layer and the images in panels (C) and (D) were
taken from the OFF layer. The graph (E) shows the calculated immuno-
puncta number per unit area. Bar = 10 μm.

Fig. 3. 

within both the ON and OFF layer (the nAChR α4 subunits
in the ON layer was 0.122 and the nAChR α4 subunits in
the OFF layer was 0.123; the nAChR β2 subunits in the ON
layer was 0.152 and the nAChR β2 subunits in OFF layer
was 0.141).

We used a double-labeling technique to identify the
nAChR α4 and β2 subunits on the dendrites of the DS
RGCs (Fig. 4). The nAChR β2 subunits (Green; Fig. 4A)
and the dendrites of the Lucifer yellow-injected DS RGCs
(Blue; Fig. 4B) are shown in the images. The two images
are merged in Figure 4C, and the localization of the nAChR
subunits immunopuncta upon the dendrites of DS RGC is
shown in Figure 4D.

To reveal the distribution of the nAChR α4 and β2
subunits on the dendritic arbors of the ON and OFF DS
RGCs, we reconstructed the entire distribution maps of the
rabbit (Fig. 5). In each figure, the two panels in the left col-
umn show the distribution of the nAChR α4 (Fig. 5A) and
β2 (Fig. 5D) subunits (Red dots) on the ON dendritic arbors
(Black line). The middle column shows the distribution of
the nAChR α4 (Fig. 5B) and β2 (Fig. 5E) subunits (Blue
dots) on the OFF dendritic arbors (Green line). The panels
of the right column are a merged images of the nAChR α4
(Fig. 5C) and β2 (Fig. 5F) subunits on both the ON and
OFF dendritic arbors of the DS RGCs. The locations of the
nAChR α4 and β2 on the dendritic arbors of the ON and
OFF DS RGCs have no pattern. That is, they were distrib-
uted on the dendritic arbors in a seemingly random manner.

We calculated the number of nAChR α4 and β2 sub-
units immunoreactive puncta on the dendrites for each of
the eight cardinal directions. Immunoreactive puncta within
45° of a given cardinal direction were included in Figure
6A. The histograms show the average densities of immu-
noreactive puncta/μm of dendrite that were calculated at 10
μm intervals from the center of the soma to the outer den-
drites within each cardinal direction. The densities of the
nAChR immunoreactive puncta were also expressed in
terms of the average density of the immunoreactive puncta/
total length (μm) of dendrites within each cardinal direction
(Fig. 6C and 6D). In addition, we analyzed the average
density of the nAChR immunoreactive puncta on whole
dendrites for both the ON and OFF layers (Fig. 6B). The
dendritic expression level of the nAChR α4 and β2 subunits
was similar in both the ON and OFF layer (the nAChR α4

Fluorescence confocal micrographs of the nAChR β2 subunits in the dendrites of the DS RGCs. The images in panels (A) and (B) show the
immunolabeled nAChR β2 subunits and the dendrites of the DS RGCs, respectively. The arrowheads in (C) indicate the localization of the nAChR β2
subunits on the dendrites. The image in (D) shows the tracing of a dendrite and positioned nAChR immunopuncta. Bar = 10 μm.

Fig. 4. 
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Reconstructed images from digital photomicrographs show the distributions of the nAChR subunits on the ON (black line and red dots) and OFF
(green line and blue dots) dendritic arbors of the DS RGCs. Bar = 100 μm.

Fig. 5. 

The density histograms and average density graphs for each of the eight cardinal directions. (A) The method for separately calculating the distri-
butions of the nAChR subunit immunoreactive puncta is shown for each of the eight cardinal directions. The graph in (B) shows the calculated immuno-
puncta number per unit distance. The central graphs (C, D) show the average density of immunoreactive puncta/total length of dendrites (μm) within
each cardinal direction. The eight histograms surrounding the central graphs show the average density of the nAChR immunoreactive puncta at 10 μm
intervals from the center of the soma to the outer dendrites within each cardinal direction.

Fig. 6. 
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subunits in the ON layer was 0.026 and the nAChR α4 sub-
units in the OFF layer was 0.029; the nAChR β2 subunits
in the ON layer was 0.027 and the nAChR β2 subunits in
OFF layer was 0.034). The distribution of the localized
immunopuncta of the nAChR subunits showed as typically
nonuniform pattern, with no evidence of an asymmetrical
pattern.

The SI estimates the precise spatial symmetry of a
given component [41]. We calculated the SI for each cell to
measure how evenly the spatial density of nAChR immu-
noreactive puncta was distributed throughout the dendritic
arbors of the DS RGCs (n = 2 cells, N = 1 animal). Figure 7
shows the SI for the spatial density of the nAChR immu-
noreactive puncta on the ON and OFF dendritic arbors of
DS RGCs. The SI of the nAChR α4-immunoreactive
puncta was 5.99 (ON dendritic arbors) and 7.86 (OFF den-
dritic arbors). The SI of the nAChR β2-immunoreactive
puncta was 5.77 (ON dendritic arbors) and 6.84 (OFF den-
dritic arbors). These results demonstrate that the distribu-
tions of the nAChR α4 and β2 subunits are not asymmetric
in both the ON and OFF dendrites of the DS RGCs.

IV. Discussion
In the present study, we analyzed the distributional

pattern of the nAChR α4 and β2 subunits on the dendrites
of the ON-OFF DS RGCs in the adult rabbit retina. The
expression of the nAChR subunits has been investigated in
the retina and visual cortex through electrophysiological
techniques and immunocytochemistry [27, 35, 51]. These
nAChR subunits play critical roles in the visual system.
Deletion of the gene for the nAChR α7 subunit in knockout
mice impairs visual cortical function and visual acuity [40].
In addition, many anatomical and pharmacological investi-
gations have revealed that the various subunits of the
nAChR contribute to direction selectivity in the mamma-
lian retina [7, 29, 45, 50]. The nAChRs are located on
dendrites of the DS RGCs, and mediate 30–50% of the
excitatory inputs of the DS RGCs [7, 29, 36]. Additionally,
a nAChRs antagonist, curare, reduces direction selectivity

A histogram showing the symmetry index (SI) for the spatial
density of the nAChR immunoreactive puncta on the ON and OFF
dendritic arbors of the direction-selective retinal ganglion cells. The SI
value of 10 indicates complete symmetry, and the SI value of 0
indicates no symmetry.

Fig. 7. 

[7, 21, 29, 50]. These previous studies suggest that identi-
fying the distributional pattern of the nAChR subunits on
the dendrites of the DS RGCs may be useful for providing
evidence of the mechanism underlying the direction-
selective retinal circuit.

Analysis of the distributional pattern of specific
receptors contributes to the establishment of the major
mechanism for direction selectivity by demonstrating the
structural and physiological properties of the DS RGCs [10,
34, 49]. In particular, through research on the asymmetric
distributional pattern of functional GABAergic input from
the SACs onto the dendrites of DS RGCs, which demon-
strated the influence of the SACs on null direction inhibi-
tion, a prominent theory called the ‘push-pull’ model has
been formulated and developed. The theory suggests that
direction selectivity is pushed by the excitatory inputs of
the bipolar cells and SACs, and partially pulled by the
inhibitory input of the SACs onto the DS RGCs [10, 34,
47]. In a recent study, there was a meaningful result with
the anatomical pattern of specific nAChR subunits that the
expressional pattern of the nAChR α7 and β2 subunits on
the dendritic arbors of the ON-OFF DS RGCs in the mouse
retina were anisotropic at postnatal day 5, but not after
postnatal day 10 [28]. These results show how direction-
selective circuits involving the SACs and DS RGCs are
formed during early postnatal development, and how their
anatomical connectivity changes through retinal matura-
tion. We also focused on analysis with a distributional pat-
tern of the specific nAChR subunits. Our present results
may indicate that the nAChR α4 and β2 subunits do not
directly influence on the induction of direction selectivity
because of the non-asymmetrical expressing pattern of
nAChR α4 and β2 subunits upon dendrites of ON-OFF DS
RGCs in adult rabbit retina.

We previously reported that most glutamate recep-
tors, including N-methyl-D-aspartate (NMDA), α-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA), and
kainate (KA) receptors, showed no anatomical evidence of
asymmetry in their distribution patterns on the dendrites of
the ON-OFF DS RGCs in the adult rabbit retina [26, 30,
31]. Taken together, our previous and present expressional
pattern results indicate that the excitatory neurotransmitters
receptor subunits have no critical effect on the anisotropy
of the ON-OFF DS RGCs for the induction of direction
selectivity. Therefore, additional studies may be required
that investigate the integrative cellular connectivity
between the DS RGCs and their surrounding cells. The DS
RGCs receive excitatory cholinergic and glutamatergic
neurotransmitters from the SACs and bipolar cells in the
mammalian retina, respectively [13, 17, 37, 49]. Although
various excitatory neurotransmitters are secreted from dif-
ferent cells onto the DS RGCs, the distributional patterns of
excitatory neurotransmitters receptor subunits upon the
dendritic arbors of the ON-OFF DS RGCs in the adult rab-
bit retina are not asymmetric. This finding suggests that
there is a specific mechanism for maintaining a balance in
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excitatory input among the surrounding cells of the DS
RGCs. Several studies have focused on identifying how a
balance of excitation and inhibition is maintained in this
direction-selective circuit [14, 20, 23, 43]. Thus, future
studies may ultimately propose multiple complex mecha-
nisms for the induction of direction selectivity.

The vertical distribution of the nAChR α4 and β2 sub-
units was different. The expression of the nAChR α4 sub-
unit was more intense at the GCL than the IPL (Fig. 2A),
and nAChR β2 subunits showed a bias toward expression
in the IPL (Fig. 2C). A similar expressional pattern was
found for the immunoreactive puncta of the nAChR α4 and
β2 subunits in the ON and OFF layers (Fig. 3E). In general,
these two nAChR subunits usually form a heteromeric
nAChR receptor [1, 35, 48]; however, these two subunits
were expressed at different levels in the GCL. Therefore,
we speculated that these two distinct types of the nAChR
subunits have different roles in the GCL of the adult rabbit
retina. One possible rationale for their expressional differ-
ence is that the α4 subunit might combine with other sub-
units (i.e. β3 or β4). Different assemblies of the nAChR
subunits have different pharmacological profiles; for exam-
ple, an α and non-α subunit composition contribute to the
binding site [1]. Diverse compositions of the nAChR sub-
units characterize not only neuronal subtypes but also the
anatomical compartment of a single neuron [1]. Inhibitory
synapses typically occur at the peri-somatic position for
efficient repression of post-neuronal activity. Indeed, the α4
subunit of the nAChR can directly modulate inhibitory
postsynaptic potentials (IPSCs) of GABAergic synapses on
pyramidal neurons in cortex layer V [6]. However, we still
do not know the subunit types that are co-expressed with
the α4 subunit in the GCL of the adult rabbit retina. Cox
and his colleagues revealed the diversity of the nAChRs in
the rat optic nerve, which initiates from the retinal ganglion
cells. Moreover, the α4 subunit of the nAChR are able to
compose with the α6 and β3 subunits [12]. For this reason,
future studies are needed to identify the binding partner of
the α4 subunit of the nAChR, and to determine whether it is
located at the inhibitory synapses of the adult rabbit retina.

In conclusion, we revealed the overall expressional
patterns of the nAChR α4 and β2 subunits upon both the
ON and OFF dendrites of the DS RGCs in the adult rabbit
retina. The distributional pattern of the nAChR α4 and β2
subunits was not asymmetric, which implies that these sub-
units have an indirect influence on the formation of direc-
tion selectivity in the retina. Our present results provide
fundamental information of the anatomical distributions of
the excitatory nAChRs components in the ON and OFF
dendrites of the DS RGCs within the adult rabbit retina,
which may be useful to describe the mechanism of direc-
tion selectivity.
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